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1 | INTRODUCTION

Tumors are generally classified as benign or malignant.
Most benign tumors are unlikely to affect other tissues.
alterations that

However, multiple genetic

Juri Kinoshita |

Yoshihiro H. Inoue

Abstract

Drosophila mxc™"™!

mutant exhibits severe hyperplasia in larval hematopoietic
tissue called the lymph glands (LGs). However, the malignant nature of these
cells remains unknown. We aimed to identify if mxc™"! LG cells behave as
malignant tumor cells and uncover the mechanism(s) underlying the malig-
nancy of the mutant hemocytes. When mutant LG cells were allografted into
normal adult abdomens, they continued to proliferate; however, normal LG cells
did not proliferate. Mutant circulating hemocytes also attached to the larval cen-
tral nervous system (CNS), where the basement membrane was disrupted. The
mutant hemocytes displayed higher expression of matrix metalloproteinase
(MMP) 1 and MMP2 and higher activation of the c-Jun N-terminal kinase (JNK)
pathway than normal hemocytes. Depletion of MMPs or JNK mRNAs in LGs
resulted in reduced numbers of hemocytes attached to the CNS, suggesting that
the invasive phenotype involved elevated expression of MMPs via hyperactiva-
tion of the JNK pathway. Moreover, hemocytes with elongated filopodia and
extra lamellipodia were frequently observed in the mutant hemolymph, which
also depended on JNK signaling. Thus, the MMP upregulation and overexten-
sion of actin-based cell protrusions were also involved in hemocyte invasion in
mxc™™ larvae. These findings contribute to the understanding of molecular
mechanisms underlying mammalian leukemic invasion.
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dominant mutations generating oncogenes and recessive
mutations that disrupt the function of tumor suppressor
genes can transform benign tumors into malignant ones
(Lee & Muller, 2010). Acquiring the ability to invade

cause  and metastasize is a critical change required for cells to
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become malignant (Jiang et al., 2015). The invasion and
metastasis are landmark events that exacerbate a locally
growing tumor into a metastatic disease (Fares et al.,
2020). The initial steps of local invasion include the
activation of signaling pathways that control the cyto-
skeletal dynamics in tumor cells. At a malignant
site, extracellular matrix (ECM) turnover is associated
with tumor cell migration into adjacent tissues
(Winkler et al., 2020). In several human cancers, metas-
tasis occurs when invading tumor cells engage blood
and lymph vessels. Primary tumor cells decompose the
basement membranes, penetrate the endothelial walls,
and disseminate through the vessel lumen. Eventually,
they exit blood vessels and proliferate to colonize dis-
tant organs (Armstrong et al, 2011; Voutouri
et al., 2019). Leukemia differs from solid tumors as it
arises from hematopoietic tissue and is characterized by
the rapid production of abnormal white blood cells.
Several common features of solid tumors, such as inva-
sion and metastasis, have also been observed in leuke-
mias. Acute myelogenous leukemia (AML) cells
circulate throughout the bloodstream and invade almost
all organs (Stefanidakis et al., 2009). In acute lympho-
blastic leukemia (ALL), the central nervous system
(CNS) is frequently invaded by leukemic cells.

The cytoskeletal dynamics of malignant tumor cells
refer to the epithelial-mesenchymal transition (EMT),
which involves the acquisition of mesenchymal features
sometimes seen in tumor cells at the early stages of
malignant transformation. After EMT activation, tumor
epithelial cells lose their cell polarity and cell-cell adhe-
sion ability and subsequently gain the ability to migrate
from their original sites (Lu & Kang, 2019). In the EMT
migratory process, tumor cells extend their membrane
protrusions (filopodia) generated by remodeling the
dynamic actin cytoskeleton and invading other compart-
ments using the filopodia (Lin et al., 2013). Filopodia rely
on the dynamics of the actin cytoskeleton and activity of
cross-linking proteins such as Nonmuscle myosin II
(Paluch et al., 2016; Vicente-Manzanares et al., 2009). In
Drosophila, myosin II activity is regulated via the phos-
phorylation of its regulatory light and heavy chains by
Rho-kinase in Drosophila (Benhra et al., 2018). Addition-
ally, ECM turnover facilitates tumor growth, invasion,
and metastatic progression in distant organs in mice
(Winkler et al., 2020). In malignant tumors, the ECM is
cleaved and degraded by target-specific proteases, such as
matrix metalloproteinases (MMPs). There are more than
20 members of the mammalian MMP family (Jabtoniska-
Trypu¢ et al., 2016). In contrast, the Drosophila genome
carries only two MMP genes: Mmpl and Mmp2 (LaFever
et al., 2017). As one of the substrates for MMPI,
E-Cadherin, a cell-cell adhesion molecule, has been

identified, whereas collagen IV, a major component of
the basement membrane, is a substrate for MMP2 (Jia
et al., 2014). MMPs are regulated by the c-Jun N-terminal
kinase (JNK) and play important roles in promoting
tumor cell invasion by remodeling the ECM (Miles
et al., 2011). The mechanisms of tumor invasion and role
of the microenvironment surrounding the tumor cells
remain unclear.

Drosophila hemocytes are responsible for immune
responses, such as phagocytosis of infectious microorgan-
isms (Melcarne et al., 2019). Recently, it has been reported
that these cells also play a role in suppressing tumor
growth via antimicrobial peptides (Araki et al., 2019; Parvy
et al., 2019). Circulating hemocytes in the hemolymph arise
from two distinct hematopoietic tissues at the larval stage:
the embryonic head mesoderm and a specialized tissue
called the lymph gland (LG) at the larval to pupal stage
(Holz et al., 2003). Hematopoietic progenitor cells, called
prohemocytes, in the LG differentiate into mature hemo-
cytes after several rounds of proliferation (Banerjee
et al., 2019; Evans et al., 2003). As a possible Drosophila
model of a hematopoietic tumor, we used hemizygous
mutant larvae for a loss-of-function mutation, mxc™™ in
multi sex combs (mxc) gene. At the mature stage, mutant
larvae exhibit a hyperplastic phenotype in their LG (Araki
et al., 2019; Kurihara et al., 2020,b; Remillieux-Leschelle
et al., 2002; Shrestha & Gateff, 1982). When mutant LG
cells are transplanted into healthy adults, they continue to
proliferate (Remillieux-Leschelle et al., 2002). Excessive cir-
culating hemocytes, including abnormally differentiated
hemocytes, have been observed in mutant hemolymph
(Kurihara, Takarada, & Inoue, 2020; Remillieux-Leschelle
et al., 2002; Santamaria & Randsholt, 1995; Shrestha &
Gateff, 1982). Based on this evidence, the hemocytes of
mxc™™ mutant larvae have been regarded as transformed
blood cells, similar to mammalian leukemic cells
(Kurihara, Komatsu, et al., 2020; Kurihara, Takarada, &
Inoue, 2020; Remillieux-Leschelle et al., 2002). However,
sufficient evidence indicating that mxc mutant hemocytes
behave as malignant tumor cells that proliferate and invade
other tissues at different sites has not been obtained.

In this study, we performed multifaceted analyses to
obtain evidence that mxc™™! LG cells behave as malig-
nant tumor cells. We also aimed to uncover the
mechanism(s) underlying the malignancy of mxc
mutant hemocytes. For this purpose, we examined the
expression of MMPs in the hemocytes and observed the
ECM of the tissues to which the hemocytes were
attached in the mutant larvae. As the JNK pathway is
involved in the MMP gene expression (Uhlirova &
Bohmann, 2006), we examined its involvement in the
ectopic gene expression and whether JNK activation
was indispensable for the firm adherence of mutant
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cells to other tissues during invasion. To identify
another factor essential for the malignant phenotypes
relevant to JNK activation, we also investigated actin-
based cell protrusions that facilitate cell migration. Our
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current findings in Drosophila provide useful informa-
tion that will help us better understand the mecha-
nisms of invasion and metastasis in other organisms,
such as human leukemic cells.
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2 | RESULTS

2.1 | Continuous proliferation of the
lymph gland cells from mxc™™ larvae in
adult abdomens and invasion into the
recipient tissues
The mxc™"™ mutant larvae harbored hyperplasic LGs
enlarged to approximately five times the mean size of
control larvae (Figure Sla-c). When mutant LG cells are
transplanted into the normal adult abdomen, they con-
tinue to proliferate and kill the host (Gateff, 1994). How-
ever, it is uncertain whether mutant LG cells behave like
malignant tumor cells. To clarify this, we collected a pair
of primary lobes of an LG hemisphere from control third
instar larvae expressing GFP in hemocytes (w/Y;
He > GFP). We then transplanted half of the primary LG
lobe into the abdominal cavity of wild-type female flies
(Figure 1). The transplanted cell mass showed GFP fluo-
rescence within a day after transplantation (Figure 1a’).
However, 15 days after transplantation, GFP™ cells were
not observed in the abdomens of the recipients
(Figure 1b, b',c,c’). Normal LG cells no longer prolifer-
ated and could not be maintained in the adult body. Next,
we collected the LG cell mass expressing GFP from
mxc™™! larvae at the mature third instar stage (mxc™"!/
Y; He > GFP). Similarly, we transplanted mutant cell
masses of the same size into the abdomens of wild-type
female flies (Figure 1d,d’). Fifteen days after transplanta-
tion, we observed that more GFP™ cells than transplanted
cells were spread over the abdomen of the recipients
(Figure 1e,e’). Subsequently, the recipient abdomen was
filled with GFP™ cells derived from the mutant LG mass
20 days after transplantation (Figure 1f,f"). These results
indicate that mxc™ LG cells continue to proliferate in
the adult abdominal cavity even after leaving the primary
larval LG.

We observed the tissues of adults transplanted with
LG cells from mxc™"! larvae to investigate whether the
mutant cells proliferated and invaded other tissues of

the recipients. We transplanted mutant LG cells and
observed the tissues in recipient adults 15 or 20 days after
transplantation (Figure 1g-k). In the intestines of adults
transplanted with mutant LG cells, cell masses contain-
ing many GFP" cells were associated with the midgut
region (arrowhead in Figure 1h,h',i,i’), whereas GFP-+
cells were not found in the intestines of adults trans-
planted with normal LG cells (Figure 1g,g'). Consistently,
uncertain cell masses containing GFP™" cells were closely
associated with a pair of ovaries in adults transplanted
with mutant LG cells (Figure 1k,k’). In contrast, no
GFP™ cells were observed in the ovaries of adults trans-
planted with normal cells (Figure 1j,j’). Overall, these
observations indicate that mxc™ LG cells behave as
malignant tumor cells that continue to proliferate auton-
omously in the adult abdomen and invade other tissues
separated from the primary LG tumors.

2.2 | Circulating hemocytes firmly
adhered to and invaded the central
nervous system in mxc™”™! larvae
harboring the LG tumor

A previous histological study has observed the possible
invasion of mutant hemocytes into the central nervous
system (CNS) after the transplantation of mxc™"! hema-
topoietic tissues into wild-type larvae and adult hosts
(Gateff, 1994). Therefore, we expected that mutant hemo-
cytes could invade other tissues through the hemolymph
of mxc™™ larvae. To confirm this, we investigated
whether circulating hemocytes adhered to the CNS of
mxc™™! larvae. For this purpose, we induced the expres-
sion of GFP specifically in mature hemocytes, to label
and recognize hemocytes (Figure 2a—c, see a magnified
image in Figure 2b inset). We observed 0.68 GFP™ cells
(median) in the CNS of control larvae (w/Y; Hml > GFP)
(n = 35) (Figure 2c). In contrast, 3.85 GFP-labeled cells
(median) were observed in the CNS of mxc™"! larvae
(mxc™™ /Y; Hml > GFP) (n = 27) (Figure 2b,c). Six times

FIGURE 1

Continuous proliferation and invasion of the LG tumor cells from mxc

mbnl mutant larvae in the abdomens of wild-type

females. (a—f) Bright-field micrographs of adult abdomens of wild-type female flies after transplantation of the LG cell masses, labeled by
GFP fluorescence, from (a-c) control larva (w/Y; He > GFP) and (d-f) mxc™™ larva (mxc™"!/Y; He > GFP) at the third instar stage. The
microscopic images show the abdomens within a day (a,d), 15 days (b,e), and 20 days (c,f) after the injection. (a’-f") Fluorescence

microscopic images of the adult abdomens under the excitation light for observation of GFP fluorescence. Arrowheads indicate the

transplantation point. Insets in A and B represent the small pieces of anterior LG lobes from control and the mutant larvae used for

transplantation, respectively. Note that the LG fragments with similar sizes were used for the transplantation. (g-k) Stereo microscopic

images of whole adult guts (g,h) and pairs of ovaries (j,k) from the recipient adults at 15 days or 20 days after the transplantation. The LG

cells expressing GFP from control larva (w/Y; He > GFP) (g;) or from mxc™"™ larva (mxc™"!/Y; He > GFP) (h,i,k) were transplanted into
the recipient abdomens. (i) Higher magnification image of the cell mass containing the GFP™ cells associated with the adult gut (encircled
by a yellow line, arrowhead in h). Bar; 0.5 mm. Bars in insets; 30 pm.
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FIGURE 2 Increase in number of hemocytes associated with the CNS and their penetration into the ventral nerve cord in mxc™™

larvae. (a,b) Fluorescence micrographs of the DAPI-stained CNS prepared from third instar larvae of control (w/Y; Hml > GFP) (a) and
mxc™™ (mxc™"™/Y; Hml > GFP) (b) males. GFP fluorescence: green, DNA: magenta. Inset in b” indicates a magnified view of the mutant
hemocytes adhering to the larval brain region encircled by a yellow-dotted rectangle. No hemocytes were localized on the normal CNS (a”).
Bar: 100 pm. Bar in inset: 50 pm. (c) Quantification of the GFP-expressing hemocytes closely associated with the larval CNSs (w/Y;

Hml > GFP (n=35) and mxc™"!/Y; Hml > GFP [n = 27]). Statistically significant differences are indicated by ****; p < .0001. Welch's t-test.
Bars colored by red indicate average number of the hemocytes in control and the mutant larvae, respectively. Error bars are SEM. (d,e)
Three-dimensional observation of LG-derived hemocytes attached to the ventral nerve cords in normal and mxc™"! larvae by a confocal
microscope. (d) Normal control CNS and the attached hemocytes labeled by GFP on the focal plane at 2.6 pm below the surface (w/Y;

Hml > GFP). (¢) mxc™"! mutant hemocytes attached to the ventral nerve cord imaged on the focal plane at 14.9 pm below the surface
(mxc™"™/y; Hml > GFP). GFP fluorescence as a hemocyte marker: green, DNA: magenta. Bar; 100 pm. (d,d”, €’,e”) Higher magnification
images showing that hemocytes on the CNS were the sagittal (d”,e”) and coronal (d”, e”) sections of the yellow lines, respectively.

Bar; 10 pm.
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more hemocytes were firmly attached to the CNS in
mutant larvae than in normal larvae (p <.0001
in Welch's t-test) (Figure 2c). Considering that the
mutant larvae contained three times more circulating
hemocytes (1053.4 + 338.0 [n = 20]) than normal larvae
(321.4 + 29.8 per larva on average [n = 19]), these obser-
vations suggest that more hemocytes adhered to the CNS
in mxc™"! larvae after washing.

To examine whether the mutant cells invaded other
tissues, we investigated whether circulating hemocytes
penetrated the CNS of mxc™! larvae. Using a confocal
microscope, we carefully observed the larval CNS from
the surface to the inside. We acquired serial section
images of GFP-positive cells on the CNS surface while
changing the Z-axis. We constructed a Z-stack image
from the serial images and presented it with slices in the
X-Z- and Y-Z-axis directions (Figure 2d,d” for control
and Figure 2e,e” for the mutant). In the control group,
we observed hemocytes expressing GFP on the CNS sur-
face (Figure 2d). No GFP' hemocytes were observed
inside the tissues of the normal control larvae
(Figure 2d’,d"”). In contrast, we observed that cell masses
consisted of GFP" hemocytes in the CNS of mxc™"! lar-
vae (Figure 2e). Furthermore, as the sagittal (Figure 2¢”)
and coronal optical (Figure 2e”) sections of the CNS
images show, multiple mutant hemocytes were present
inside the ventral nerve cord. However, whether a single
or a few cells initially invaded and, thereafter, prolifer-
ated inside the CNS or whether these cell masses invaded
the CNS surface is uncertain. Based on these observa-
tions, we concluded that hemocytes of mxc™™ larvae
harboring LG tumors adhered to the surface and invaded
the interior of the CNS.

2.3 | Aloss of a basement membrane
component, collagen IV, in the CNS

on which the mutant hemocytes adhered
in mxc™™ larvae

Other Drosophila tumor cells show typical invasion asso-
ciated with basement membrane (BM) degradation
(Pagliarini & Xu, 2003). Therefore, we examined whether
the integrity of the BM was perturbed by malignant
hemocytes in the mutant CNS. Collagen IV, encoded by
the vkg gene, is a major component of BM in Drosophila
(Yasothornsrikul et al.,, 1997). To visualize the BM
around the apical surface of the CNS in mxc™" larvae,
we induced the expression of GFP-tagged Vkg and
observed CNS samples (Figure 3a,b). GFP fluorescence
was distributed without interruption on the apical sur-
face of the normal CNS (w/Y; vkg-GFP) (Figure 3a). In
contrast, in mxc™"™ larvae (mxc™"/Y; vkg-GFP), the

BM signal was faint on the CNS surface where a cell mass
consisting of multiple hemocytes was localized (arrow-
head in Figure 3b). These observations suggest that the
mutant hemocytes disassemble the BM of the CNS,
which facilitates their invasion into other tissues in
mxc™! larvae.

24 | Upregulation of MMP genes
in circulating hemocytes of mxc™"™! larvae

A recent report from our group showed that MMP1 and
MMP2 are ectopically expressed in LG tumors, where the
enzymes decompose the BM (Kinoshita et al., 2022).
Thus, we immunostained circulating hemocytes in the
hemolymph using anti-MMP1 antibody and quantified
the fluorescence intensity. We observed an intense
immunostaining signal in the cytoplasm of several
mutant cells (see Figure S2B and S2B” for a multicellular
view, and Figure 4b,b” for a magnified view of a hemo-
cyte), whereas only a few control cells showed a subtle
signal beyond the detection level (Figures S2A, S2A”,
Figure 4a,a”,c). The anti-MMP1 immunostaining signal
in the circulating hemocytes of the mutant (mxc™"/Y;
He > GFP) was more than twofold higher than that of
the control (w/Y; He > GFP) (Figure 4c, n > 106,
p <.0001 in Welch's t-test). Next, we examined the
expression of Mmp2 in mutant circulating hemocytes by
monitoring GFP fluorescence in Mmp2 > GFP hemo-
cytes. We observed robust GFP fluorescence in the cyto-
plasm of several mutant cells (see Figure S2d,d” for a
multicellular view, and Figure 4e,e” for a magnified view
of a hemocyte), whereas only a few control cells showed
a weak GFP signal beyond the detection level
(Figures S2c,c”, 4d,d”). The relative fluorescence intensity
of the average GFP signal in the mutant cells (mxc™"!/Y;
Mmp2 > GFP) was threefold higher than that in the con-
trol cells (W/Y; Mmp2 > GFP) (Figure 4f, n > 104,
p < .0001 in Welch's t-test). These results indicate that
MMPs are induced in circulating hemocytes in mutant
larvae. In summary, the hyperexpression of MMPs,
which facilitates the degradation of extracellular matrices
such as the BM, occurred in both LGs and circulating
hemocytes of mxc™"! larvae.

2.5 | Hyperactivation of the JINK
signaling pathway in the LGs and
circulating hemocytes of mxc™™ larvae

Previous studies have reported that MMP expression is
regulated by the JNK signaling pathway (Uhlirova &
Bohmann, 2006). Therefore, we investigated whether
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Disassembly of the basement membrane consisting of collagen IV on the surface of the larval CNS to which the hemocytes

were attached in mxc™"! larva. (a,b) Confocal microscope images of the hemocytes labeled by Alexa 555 fluorescence (arrowheads) on the
surface of CNSs from control larva (a) (w/Y; vkg-GEP) and mxc™™ larva (b) (mxc™"!/Y; vkg-GFP) at the third instar stage. GFP fluorescence
as a marker of collagen IV (Vkg): green, anti-P1 immunostaining to visualize plasmatocytes: red. * indicates segmentally organized nerve

bundles. Bar: 10 pm.

levels of the activated form of JNK (pJNK) were increased
in mxc™™ tumor cells. First, we performed immunostain-
ing of the LG with an anti-phospho-SAPK/INK antibody.
A lower pJNK signal was recorded in all LGs of the control
larvae (w''*¥/Y) (Figure 5a). In contrast, we observed a
more intense anti-pJNK immunostaining signal in the
mutant LGs (mxc™"™!/Y) (Figure 5b). The relative fluores-
cence intensity of pJNK in the LGs of the mxc mutant was
two-fold higher than that of those in the control
(Figure 5c, n >22). The difference between the
control and mutant LGs was significant (p < .0001, Stu-
dent's t-test). Second, we examined whether the JNK path-
way was activated in circulating hemocytes of mxc™”"!
larvae. We selected GFP* cells from the hemolymph and
quantified their fluorescence intensity after immunostain-
ing. We observed a considerable number of dotted foci
showing more intense immunofluorescence in the cyto-
plasm of the mutant cells (mxc™/Y; He> GFP)
(Figure 6b,b”), whereas the control cells possessed only a
few pINK foci (w/Y; He > GFP) (Figure 6a,a”). The rela-
tive pJNK immunostaining signal intensity was signifi-
cantly higher (2.4-fold) in mxc™" hemocytes (n = 218)
(p < .0001 in Welch's t-test) than in control cells (n = 236)
(Figure 6c). As the intensity of the immunostaining signal
varied even among control hemocytes, we classified hemo-
cytes into five classes; none (background level) (class 1),
weak (class II), middle (class III), strong (class IV), and
intense (class V) according to the level of immunofluores-
cence (Figure 6d,e). Among the hemocytes in the hemo-
lymph of the control larvae, 13.1% were in class I, 64.8% in
class II, 17.0% in class III, 3.0% in class IV, and 2.1% in

class V. In contrast, there were no class I cells, 28.0% in
class II, 28.4% in class III, 19.7% in class IV, and 23.9% in
class V in circulating hemocytes of mxc™ larvae. These
data indicate that the JNK signaling pathway is activated
in LGs and circulating hemocytes in mutant larvae. Over-
all, we concluded that the JNK signaling pathway was
strongly activated in hemocytes with the upregulation of
MMPs and invasive potential in mxc™"! larvae.

2.6 | Ectopic induction of MMPs

by activation of JNK pathway was required
for invasive ability of the hemocytes

of mxc™”™! larvae

Considering the results that the upregulation of MMP
genes and hyperactivation of the JNK pathway was
detected in the hemocytes of mxc™"™ larvae, we specu-
lated that the ectopic expression of MMPs was associated
with the activation of the JNK signaling pathway and
that this was involved in the invasive behavior of the
mutant larvae. To verify this, we inhibited JNK signaling
in mutant hemocytes by downregulating the bsk gene,
which encodes Drosophila JNK, using RNAi. We counted
only 0.18 GFP+ cells (median) in the CNS of the control
larvae (w/Y; He > GFP, LacZ) and observed significantly
more hemocytes (2.95 GFP+ cells [median]) in the CNS
of mxc™™ larvae (mxc™"/Y; He> GFP, LacZ)
(Figures S3A, S3B, and 7). Next, we induced the ectopic
expression of dsRNAs for bsk in the LG of mxc™"™! larvae.
We performed RNAi experiments using two different
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Hyperexpression of two MMPs in circulating hemocytes of mxc™" larvae. (a,b) Anti-MMP1 immunostaining of circulating

hemocytes from third instar larvae; (a) normal control hemocyte (w/Y; He > GFP) and (b) mxc™ hemocyte (mxc™"!/Y; He > GFP). GFP
fluorescence: green, anti-MMPI immunostaining: red, DNA: blue. Bar: 10 pm. (c) Relative fluorescence intensity of anti-MMP1

immunostaining signal in the circulating hemocytes from third instar larvae (w/Y; He > GFP [n = 106 hemocytes| and mxc™"!/Y;

He > GFP [n = 109 hemocytes]). For statistical analysis of the differences in the fluorescence intensity, Welch's t-test was performed

(****p < .0001). (d,e) A visualization of the circulating hemocytes showing the GFP expression induced under the Mmp2 enhancer in normal
control larva (w/Y; Mmp2 > GFP) (d), mxc™! larva (mxc™"/y; Mmp2 > GFP) (e). GFP fluorescence: green, anti-P1 immunostaining to
recognize the plasmatocytes: red, DNA: blue. Bar: 10 pm. (f) Relative GFP fluorescence intensity indicating the expression level of Mmp2 in
the circulating hemocytes from third instar larvae (w/Y; Mmp2 > GFP [n = 104 hemocytes|, mxc™"!/Y; Mmp2 > GFP [n = 111
hemocytes]). For statistical analysis of the differences in the fluorescence intensity, Welch's t-test was performed (****p < .0001). Red bars

indicate average intensity of the hemocytes and error bars are SEM.

UAS-bskRNAI stocks, which efficiently depleted the rele-
vant endogenous mRNAs and obtained consistent results.
We only recorded 0.50 and 0.54 GFP-labeled cells
(median) in the CNS of mxc™"! larvae harboring bsk
depletion (mxc™"™/Y; He > GFP, bskRNAi', mxc™"/Y;
He > GFP, bskRNAi’, respectively) (Figures S3C, S3D,
and 7). On average, six times fewer cells were attached to
the CNS in mutant larvae with bsk depletion (n > 20,
p <.0001 in Welch's t-test) (Figure 7). To confirm
whether the ectopic expression of MMPs associated with

the activation of the JNK pathway was responsible for
the invasive behavior of the mutant hemocytes, we
induced dsRNAs against each Mmp mRNA, which effi-
ciently depleted the relevant endogenous mRNAs in
mxc™™ hemocytes. We counted 1.08 GFP+ hemocytes
(median) in the CNS of mutant larvae harboring Mmp1
depletion in LGs (mxc™"™/Y; Hml > GFP, MmpIRNAi)
(Figures S3E and 7). Additionally, 1.47 GFP-labeled
hemocytes (median) were observed in the CNS of
mxc™™ larvae expressing dsRNA for Mmp2 in the LG
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LG tumors in mxc™ larvae harboring the LG-specific activation of the JNK signaling pathway. (a,b) Inmunostaining of

LGs from control (w!*¥/Y) (a) and mxc™"™ (mxc™"/Y) (b) larvae at the third instar stage with anti-phospho-SAPK/INK antibody. Anti-
phospho-SAPK/INK immunostaining to recognize the activated form of INK (pJNK): green, DNA: magenta. Bar: 100 pm. (c) Quantification
of pJNK signals in the LGs from third instar larvae (w''%8/Y [n = 22 LGs] and mxc™"1/Y [n = 34 LGs]). From the total amount of
fluorescence in whole lobe regions of LGs, the fluorescence amount per single LG unit (mm?) was calculated and normalized to that of the

control, set to 1.0. The relative values were plotted along the y-axis. (****p < .001, Student's ¢-test; red bars indicate average intensity of the

hemocytes and error bars represent SEM).

(mxc™"™/Y; Hml > GFP, Mmp2RNAIi) (Figures S3F and
7). Therefore, the ectopic expression of dsRNAs against
Mmp mRNAs in LGs significantly decreased the number
of hemocytes on the CNS compared with that in nxc™™!
larvae (n > 20, p < .01 in Student's t-test or p < .001 in
Welch's t-test) (Figure 7). These results are consistent
with the hypothesis that the ectopic expression of MMPs
due to the activation of the JNK pathway is required for
hemocytes to invade the CNS of nmxc™™ larvae.

2.7 | A higher proportion of circulating
hemocytes harboring extra and extended
actin-based protrusion in the mxc™™
larvae

During cell migration, including tumor invasion, actin-
based membrane protrusions termed filopodia are widely
used (Petrie & Yamada, 2012). Therefore, we hypothesized
that extended filopodia facilitate the invasion of mutant
hemocytes of mxc™"! larvae. To clarify this, we investi-
gated whether actin-based protrusions are more frequently
observed in mutant hemocytes. Alexa 488-conjugated-
phalloidin revealed an actin-rich network designated as
filopodia and lamellipodia in the hemocytes. The circulat-
ing hemocytes in the normal control larvae (w/Y) pos-
sessed 0.69 + 0.26 filopodia-like protrusions with an

average length of 091+0.09pm (n=32 Ccells)
(Figure 8a,e,f). Mutant hemocytes harbored seven times
more filopodia on average (7.6 + 0.88 per cell) in mxc™"™!
larvae (mxc™/Y) than normal cells (Figure 8b,b",c,c”.f).
The mutant filopodia extended two times longer on aver-
age (2.4 £ 0.07 pm [n = 31 cells]) (Figure 8e). A higher
proportion of circulating hemocytes with an increased
number and length of filopodia was observed in the
mxc™™ hemolymph. Moreover, the mutant hemocytes
harbored abnormally thicker cortical actin layers (right
side of the cell cortex in Figure 8b) than the actin layers
corresponding to normal layers of the lamellipodia in con-
trol hemocytes (w/Y) (Figure 8a). 60% of the mutant
hemocytes harbored abnormal lamellipodia (27 out of
45 cells), whereas no such hemocytes were found out of
>100 cells in the control larvae. Some mutant cells exhib-
ited a wavy cortical actin layer in the confocal plane closer
to the upper cell surface (Figure 8d).

2.8 | The JNK pathway was required
for the production of the circulating
hemocytes with excess filopodia

in mxc™"™ larvae

JNK signaling regulates filopodia formation via the
phosphorylation of myosin and other actin-binding
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Activation of JNK in circulating hemocytes in normal and mxc™ larvae. (a,b) Immunostaining of LGs from control (w/Y)

(a) and mxc™™ (mxc™®"™!/Y) (b) larvae at the third instar stage with anti-pJNK antibody. Anti-pJNK immunostaining: green, DNA: magenta.
Bar: 100 pm. (c) Quantification of pJNK signals in the LGs from third instar larvae (w/Y [n = 22 LGs] and mxc™™/Y [n = 34 LGs]). The
fluorescence intensity of pJNK signals in each LG was calculated and normalized to that of the control, set to 1.0 (****p < .001, Student's

t-test). Red bars indicate average intensity of the hemocytes and error bars represent SEM. (d) Typical images of the cells classified into five

classes according to the fluorescence intensity of anti-pJNK immunostaining (none, weak, moderate, strong, and intense classes). The cell

margin is encircled by a white line. Bar: 5 pm. () Percentage of each class of the circulating hemocytes from control and mxc™"™! larvae,

immunostained with anti-pJNK antibody.

proteins (Benhra et al.,, 2018). Thus, we examined
whether the hyperactivation of JNK signaling in
mxc™"! hemocytes was required to form filopodia in
mutant cells. The mxc™"™! hemocytes (mxc™"/y;
He > GFPRNAi) possessed 5.65 + 0.92 filopodia on
average (n =17 cells) (Figure 9b,e). The mean length
of the filopodia was 2.19 + 0.01 pm (n =17 cells)
(Figure 9b,f). Next, we observed filopodia in the hemo-
cytes in which the bsk mRNA encoding a Drosophila

JNK was depleted using a known UAS-RNAi line
(mxc™"™/y; He > bskRNAi). Compared to the mean
value of the filopodia number of mxc™"/y;
He > GFPRNAi (control), those of mxc™"/Y;
He > bskRNAi (3.29 + 0.95, n = 21 cells) tended to be
decreased although the differences were not statisti-
cally significant (p =.179, one-way analysis of vari-
ance [ANOVA]) (Figure 9e). The mean length of
filopodia in mutant cells with the depletion (0.89
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CNS in mxc™™ larvae harboring hemocyte-specific depletion of
JNK or MMPs. Quantification of the number of GFP™ hemocytes
associated with larval CNSs (w/Y; He > LacZ [n = 27], mxc"™™/Y:
He > LacZ [n = 20], mxc™"!/Y; He > MmpIRNAi [n = 23],
mxc™™/Y; He > Mmp2RNAi [n = 21] mxc™"!/Y; He > bskRNAi!
[n = 26], mxc™®"™/Y; He > bskRNAi [n = 22]). Statistically
significant differences are indicated by **p < .01, ***p < .001, and
**¥%p < .0001. Student's t-test or Welch's t-test was used as
described in the Materials and Methods section. Red bars indicate

Decrease in hemocyte levels associated with the

the average number of hemocytes, and error bars indicate SEM.

+ 0.05 pm, n = 21 cells) was significantly shorter than
that in mutant cells without the depletion (p < .0001,
one-way ANOVA) (Figure 9c, arrowhead in inset of
9¢”, Figure 8f). Consistently, the mean length (1.02
+ 0.07 pm, n =20 cells) shortened in the mutant
hemocytes harboring hemocyte-specific hep depletion
(p < .01, one-way ANOVA) (Figure 9f). The mean
number of filopodia (2.10+0.77, n =27 cells)
decreased significantly after depletion (p < .05, one-
way ANOVA) (Figure 9e¢). The hep depletion sup-
pressed the increased number and excess production
and over-extension of filopodia of mutant cells
(Figure 9d, arrowhead in inset of 9d”,e,f). These obser-
vations indicate that the depletion of genes involved in
the INK pathway suppresses the over-extended filopo-
dia in mxc™"™ mutant hemocytes. Additionally, in the
mxc™"!/Y; He > bskRNAi and mxc™"!/Y; He > hep
RNAi hemocytes, we failed to observe mutant hemo-
cytes harboring abnormal filamentous actin shapes
beneath the plasma membrane, as observed in the
mutant hemocytes without the depletion (Figure 8c,d).
Collectively, these results indicate that the JNK signal-
ing pathway is required for the excess formation of the
actin network in mutant hemocytes. These results
were consistent with the conclusion that the JNK sig-
naling pathway is required for the attachment of
mutant hemocytes to the CNS, namely, the invasive
behavior of mxc™! hemocytes.

Genes to Cells WILEY_L ™

3 | DISCUSSION

31 | mxc™™! hemocytes behave as
malignant tumor cells that continue to
proliferate and invade other tissues
Drosophila mxc™"™ mutant larvae exhibit hyperplasia
of the LGs and extra circulating hemocytes, in addi-
tion to abnormally differentiated hemocytes in the
hemolymph  (Gateff, 1994; Remillieux-Leschelle
et al., 2002; Shrestha & Gateff, 1982). When a small
mass of mutant LG was introduced into the adult
abdomen, the cells proliferated to some extent by the
fifth day after transplantation (Remillieux-Leschelle
et al., 2002). Considering the observation, the authors
argued that mxc™ LG cells exhibit a malignant phe-
notype. However, evidence from the observation made
more than two decades ago did not allow us to regard
mutant LG cells as blood tumor cells. Histological
examination of larval tissue sections four decades ago
neither provided sufficient evidence to indicate that
mutant hemocytes invaded the surrounding tissues
(Gateff, 1994; Shrestha & Gateff, 1982). In contrast,
recent studies have demonstrated that the reduced
expression of mxc in mature hemocytes is responsible
for the over-proliferation of immature prohemocytes in
the hyperplasic LGs of mutants (Araki et al., 2019;
Kurihara, Komatsu, et al., 2020; Kurihara, Takarada, &
Inoue, 2020). The current study demonstrated that
transplanted mutant LG cells continued to proliferate
in the adult abdomen and invaded the gut and ovaries.
Our 3D observation of the larval CNS to which the
hemocytes adhered showed that the hemocytes
appeared to penetrate the CNS. Considering these cur-
rent results and previous histological data (Gateff,
1994), we concluded that the mxc mutation trans-
formed LG cells into tumor cells that proliferated
vigorously like immature prohemocytes in adult abdo-
mens and exhibited invasive phenotypes in the hosts.
We believe that the Drosophila mxc mutant is a useful
model for understanding the invasion and metastasis
of malignant cells in blood cancers since acute
myeloid and lymphocytic leukemia cells also fre-
quently invade most of organs and tissues (Whiteley
et al., 2021).

In general, normal cells require anchorage sup-
ported by the ECM for survival and proliferation,
whereas common cancer cells survive and proliferate
without attachment to the ECM (Mori et al., 2009). In
contrast, normal blood cells, especially lymphoid cells,
can proliferate in suspension (Longjohn et al., 2022).
Although normal hemocytes from the LGs did not
survive and/or proliferate in the adult cavity, the
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Abnormal circulating hemocytes with extended filopodia and extra F-actin layers in the mxc™"! larvae. (a-d) Confocal
micrographs of the F-actin based cell protrusions in the phalloidin-stained circulating hemocytes from normal control (w/Y) (a) and mxc

mbnl

(mxc™"/Y) (b-d) larvae. Hemocytes stained with Alexa488-phalloidin were observed at confocal planes where filopodia and cortical F-actin
layers (a,b) or around the cell surface (c,d) could be easily observed. Areas encircled by the dotted squares in (a) to (c) are magnified in insets
in (a’) to (¢’). Arrowhead in (a) (a”) indicates normal filopodia-like protrusion. Arrowheads in b” and ¢” indicate abnormally extended
filopodia. (b) Mutant hemocyte possesses a thicker F-actin layer at the cell cortex (arrow). (c,d) Micrographs of the phalloidin-stained
hemocytes at confocal planes closer to the cell surface. Note that thicker and wavy shaped F-actin-based protrusions in the mutant hemocyte
(d). Phalloidin staining colored in green. DNA: dark blue. Bars in a-d: 5 pm, Bars in insets: 1 pm. (e,f) Quantification of the length (e) and
numbers (f) of filopodia observed in hemolymph of larvae at third instar stage (w/Y [n = 32 hemocytes for e and f), mxc™/y [n = 31
hemocytes for e and f]. (****p < .001, Welch t-test; red bars indicate average length (e) or average numbers (f) of the hemocytes. Error bars

represent SEM).

transplanted mutant LG cells were present in the
hemolymph of the abdominal cavity. Thus, we specu-
late that mxc mutant hemocytes may have acquired
the ability to proliferate in the hemolymph, even away
from the LG. Alternatively, mutant cells may not
require growth factors secreted locally from the LG for
proliferation. Normal prohemocytes require growth
factors, such as PDGF- and VEGF-related factors (Pvf),
mainly from the posterior signaling center of the LG
(Parsons & Foley, 2013). To clarify the proliferative
potential of mutant hemocytes, it would be interesting
to investigate whether hemocytes can proliferate
autonomously in cell culture systems.

3.2 | Hyperactivation of the JNK is
involved in the invasion of the mxc™"™
hemocytes via ectopic induction of MMPs
that decompose ECM

The JNK pathway is a critical regulator of multiple cellu-
lar responses, such as wound repair, cell proliferation,
and apoptosis (Javelaud et al., 2003). In Drosophila, JNK
signaling also regulates BM degradation in the case that
imaginal disc eversion progresses by controlling the
expression of MMP genes (Srivastava et al., 2007). MMPs
are required for the destruction of cell-cell junctions,
cell-BM junctions, and BM components. A previous study



TAKARADA ET AL. 721
= Genes to Cells WILEY- 7~
-actin .
157_ n.s
- o a
ol 1 o L]
T 4
E 8_ 10 ° o A
g A o a
4= g ™
“6 4 oo o
é 5- % a
— B °
$3 3 |-+
‘E’ E R IR
—”—*—*—
g [G) GFP bsk hep
g4 RNAi RNAi RNAi
T mxcmbnl/y:He>
p— 6’ %k k
- k|
3 :
§ X T °
E O 3 @
09 I
i3 £
T 8 N
s F
- o
< <%
~ mQ L
'§ o 0 T T T
N GFP bsk hep
g 2 RNAi RNAi RNAi
mxc™mbr1/Y:He>
FIGURE 9

Suppression of the extended filopodia phenotype by hemocyte-specific depletion of the INK components in the mxc™>"™

hemocytes. (a-d) Confocal micrographs of the F-actin based cell protrusions in the phalloidin-stained circulating hemocytes from normal
larva (w/Y) (a) and mxc™" larvae harboring hemocyte-specific depletion of dsSRNA against GFP mRNA (mxc™"/Y; He > GFPRNAI) (b),
depletion of bsk mRNA (mxc™"™!/Y; He > bskRNAi) (c), and depletion of hep mRNA (mxc™"!/Y; He > hepRNAi) (d). Hemocytes stained
with Alexa488-phalloidin were observed at confocal planes where filopodia and cortical F-actin layers. Insets in a”’-d” indicate magnified
images of filopodia in the mutant hemocytes. Arrows in (a) indicate normal filopodia-like protrusions. Arrows in b” indicate abnormally
extended filopodia. Arrows in ¢” and d” indicate typical filopodia seen in the mutant cells harboring depletion of INK components. The
images were acquired at the confocal planes suitable for the observation of filopodia. Phalloidin staining: green, DNA: dark blue. Bars in (a)-
(d): 5 pm. Bars in insets: 1 pm. (e,f) Quantitation of the length (e) and number (f) of filopodia of the hemolymph in larvae at third instar
stage (mxc™"!/Y; He > GFPRNAI [n = 17 hemocytes for e and f), mxc™"!/Y; He > bskRNAi [n = 21], mxc™™/Y; He > hepRNAi [n = 27]).
(¥, ¥, ¥**p < .05, .01, .0001, respectively. n.s.: not significant, one-way ANOVA). Red bars indicate the average length (e) or average

numbers (f) of the hemocytes. Error bars represent SEM.

demonstrated that MMP1 cleaves E-cadherin to disrupt
cadherin-mediated cell-cell adhesion (Jia et al., 2014). In
contrast, MMP2 preferentially degrades BM components
(Jia et al., 2014). Thus, the transcriptional regulation of
MMPs by the INK pathway plays an important role in tis-
sue remodeling during Drosophila development. MMP
upregulation has been observed in many types of human
cancers. Furthermore, the upregulation and ectopic
expression of these peptidases are involved in cancer pro-
gression (Gobin et al., 2019; Niland et al., 2021). Consis-
tently, a recent study showed the activation of JNK and,
thus, the resultant ectopic expression of MMPs occurred
in LG tumors of mxc mutants (Kinoshita et al., 2022). A
previous study reported that the ectopic induction of
MMP1 in hemocytes enhances the LG tumor growth and

excess numbers of circulating hemocytes in mutant lar-
vae (Kurihara, Takarada, & Inoue, 2020). Based on these
results, we hypothesized that the hyperactivation of JNK
induces the expression of MMPs in mxc™™ LG, which
promotes ECM degradation and facilitates tumor growth.
Higher levels of MMP2 have been observed in several
cases of aggressive breast and lung cancers (Han &
Lee, 2022; Mendes et al., 2007). Similarly, in Drosophila
mxc™! LGs, we expected that cell motility would
increase if ECM decomposition was enhanced by the
upregulation of MMPs. We demonstrated that JNK was
activated; therefore, MMPs were highly expressed in the
LGs and circulating hemocytes in mxc™"! larvae
(Kinoshita et al., 2022; this study). Consequently, the BM
around the hemocytes that adhered to the CNS was
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disassembled. Moreover, the ectopic depletion of mRNAs
for INK components or Mmps in mutant hemocytes
resulted in the suppression of their adherence to other
tissues. Considering these results, it is possible to specu-
late that the mutant hemocytes acquired a growth advan-
tage and invasion ability due to the over- and ectopic
expression of MMPs via the hyperactivation of the JNK
pathway.

3.3 | Invasive potential of mxc mutant
hemocytes involved in filopodia extension
activated by the JNK

Normal epithelial cells maintain strong contact with
adjacent cells via the ECM and cell adhesion apparatus.
During migration, highly dynamic filopodia and lamel-
lipodia are formed in mammalian tumor cells, which
promote the proteolytic degradation of the ECM. These
alterations facilitate tumor invasion (Amack, 2021;
Karamanou et al.,, 2020). Consistent with this, we
showed that circulating hemocytes with extended filo-
podia were frequently present in mxc mutant larvae.
JNK activation was required to elongate filopodia in
hemocytes. Several mammalian studies have also
reported the hyperactivation of JNK in prostate cancer
cells, which plays an essential role in stimulating cell
migration and invasion (Chen et al.,, 2017; Si-Tu
et al., 2019). The Drosophila INK pathway regulates
the Rho-kinase-dependent activation of myosin II
during the invasion of epithelial tumor cells (Benhra
et al., 2018). These findings are consistent with our
hypothesis that the hyperactivation of JNK in mxc™>"!
hemocytes stimulates the formation of actin-based
protrusions and promotes invasion by increasing
hemocyte mobility. To clarify this hypothesis, examin-
ing whether Rho-kinase and myosin II are involved in
the invasion of hemocytes by mxc™®™ larvae is
important.

4 | CONCLUSIONS

In this study, we present evidence that mxc™™! LG cells
exhibit malignant tumor phenotypes. We propose that
the mutant be regarded as a Drosophila model for study-
ing blood tumor cells. We also discuss the mechanisms
underlying the invasion of mutant LG tumor cells.
Ectopic expression of MMPs and filopodia extension via
JNK pathway is involved in the invasion of the LG
tumor cells in mxc™"! larvae. Our findings also provide
insights that will help us better understand the invasion
mechanism of human leukemia cells.

5 | EXPERIMENTAL PROCEDURES

5.1 | Drosophila stocks

w!t!8 (w) was used as normal control stocks. Canton S
was used as a recipient wild-type stock for transplanta-
tion of LG cells. The recessive lethal allele of mxc,
mxc™™ (#6360), showing the LG tumor phenotype, was
obtained from Bloomington Drosophila Stock Center
(BDSC, Indiana University, Bloomington, IN, USA)
(Araki et al., 2019; Kurihara, Komatsu, et al., 2020;
Remillieux-Leschelle et al., 2002). and Pfw'™“=UAS-
LacZ.NZ}J312 (UAS-LacZ) (#107532 Drosophila Genetic
Resource Center; DGRC, Kyoto, Japan). The following
Gal4 driver stocks were used for ectopic expression in
specific larval tissues or cells as described; P{HmI-GAL4A}
(Hml-Gal4) (#BL30139; BDSC) (Kurihara, Komatsu,
et al., 2020) for induction of gene expression in the CZ of
LG and circulating hemocytes, P{He-GAL4.Z}85 (He-
Gal4) (#8700) from BDSC for moderate induction of gene
expression in whole LGs region and circulating hemo-
cytes (Kurihara, Komatsu, et al., 2020). To label target
cells by GFP, we used Pfw ™ =UAS-GFP.nis}8 (#4776)
and Pfw'™C=UAS-2xEGFP}JAH3 (UAS-EGFP) (#6658)
from BDSC. To monitor gene expression of the Mmp2, P
W —GawBIMmp2NTP%?  (Mmp2-GAL4) (#103625)
from DGRC (Kanda et al., 2019; Kinoshita et al., 2022)
were used. To visualize basement membrane component,
collagen IV, PBac{fTRG00595.sfGFP-TVPTBF}VK00033
(Vkg-GFP) (#318167, Vienna Drosophila Resource Center
(VDRC, Vienna, Austria) was used. For dsRNA-
dependent gene silencing, the following UAS-RNAi
stocks were used; P{TRiP.JF01275}attP2 (UAS-bskRNAi")
(#31323) (Zhu et al., 2019), P{TRiP.HMC03539jattP2
(UAS-bskRNAi#™C0353%) (UAS-bskRNAi?) (#53310) (Yang
et al, 2019), P{TRiP.GL00089}attP2 (UAS-hepR-
NAiCL0998%) (UAS-hepRNAI) (#28710) (Sopko et al., 2014)
from BDRC, P{KK108894}VIE-260B (UAS-MmpIRNAi)
(#101505, VDRC), P{TRiP.HMJ23143}attP40 (UAS-
Mmp2RNAi) (#11605, National Institute of Genetics
(Mishima, Japan) (Kinoshita et al., 2022). It was reported
that those UAS-RNA:I stocks were able to provide the effi-
cient depletion of the relevant mRNAs by combination
with Gal4 drivers. Pfw '™ “=UAS-GFP.dsRNA.R}142
(BDSC, BL#9330) or Pfw™""=UAS-LacZ.NZ}J312 (UAS-
LacZ) (#107532 Drosophila Genetic Resource Center
[DGRC, Kyoto, Japan]) was used as a control for the
RNAI experiments.

All Drosophila stocks were maintained on standard
cornmeal food, as previously described (Oka et al., 2015).
Induction of Gal4-dependent gene expression was per-
formed at 28°C. Other experiments and stock mainte-
nance were conducted at 25°C.
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5.2 | Transplantation of LG cells

As reported previously (Jung et al., 2005; Remillieux-
Leschelle et al., 2002), half of the primary lobe of the nor-
mal LG (containing approximately 1000 cells) and the
same size of the mutant LG lobe from mature third instar
larvae were collected and transplanted using glass nee-
dles into the abdomens of recipient 0-1 days-old wild-
type adult females. We selected the mxc mutant larvae
among larvae in the stock carrying FM7a-mCherry bal-
ancer using the absence of RFP fluorescence. The needles
were prepared from G1.2 (Narishige Co., Tokyo, Japan)
using a puller, PN-31, and used a after sharpening of the
tip. Donor LG fragments were injected within 5 min of
dissection of the recipient larvae to avoid melanization
and clogging. The injected adults were fed standard food
for 20 days at 25°C before observation.

5.3 | Preparation of larval LGs

The parent flies were transferred to a new culture vial
and left to lay eggs for 24 h. Careful attention was paid to
avoid overcrowding of the larvae. To minimize the possi-
bility that the larva that stayed longer at the larval stage
might grow larger, a comparative analysis of hemizygous
mutant and control larvae was performed on the same
day (5 days AEL at 28°C), when the wandering third
instar larvae were observed. Alternatively, tissues were
collected from hemizygous mutant larvae 1 day after tis-
sue collection from the control larvae. A pair of anterior
lobes of the LG were collected from matured third stage
larvae in PBS and fixed in 3.7% paraformaldehyde for
15 min. After washing with PBS containing 0.1% Triton
X-100 (PBST), the fixed each LG pair was mildly flattened
under constant pressure such that the tissue spread out
into cell layers of constant thickness, as previously
described (Araki et al., 2019).

54 | LG immunostaining

For immunostaining, whole LG lobes were collected from
matured third instar larvae and fixed in 3.7% paraformal-
dehyde for 15 min at room temperature. After washing
with PBST, the fixed samples were blocked with PBS con-
taining 0.1% Triton X-100 and 10% normal goat serum
(NGS) and subsequently incubated with a primary
antibody at 4°C for overnight. Anti-phospho-SAPK/JNK
(pThr183, pTyrl85) antibody (#559309, Calbiochem, La
Jolla, CA, USA) was used to detect the activated JNK
at 1:200. After washing with PBST, the LG samples were
incubated with Alexa 488, 555 or 594-conjugated
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secondary antibody (1:400; Molecular Probes, Eugene,
OR, USA). The LG specimens were observed using a fluo-
rescence microscope (Olympus, Tokyo, Japan, model:
IX81), outfitted with excitation, emission filter wheels
(Olympus). The specimens were illuminated with UV-
filtered and shuttered light through a GFP filter cube
using appropriate filter-wheel combinations using the
appropriate filter wheel combinations through a GFP fil-
ter cube. The fluorescent images were captured using a
CCD camera (Hamamatsu Photonics, Shizuoka, Japan),
processed using Metamorph version 7.6 (Molecular
Devices, Sunnyvale, CA, USA), and processed using
Adobe Photoshop CS6 (Adobe Systems, San Jose, CA,
USA). The fluorescence intensity of the LGs in the fluo-
rescence microscope images was measured using ImageJ
(1.53t, NIH, Bethesda, MD, USA).

5.5 | CNSimmunostaining

CNSs were isolated from matured third instar larvae and
rinsed well with PBST to remove the remaining hemolymph
on the surface. The CNSs were fixed in 3.7% paraformalde-
hyde for 30 min at a room temperature. After washing with
PBST, the fixed CNS samples were blocked with NGS for
30 min and were incubated with a primary antibody at 4°C
for overnight. Anti-P1 antibody against Nimrod C1 (a gift
from I. Ando; Hungarian Academy of Sciences, Budapest,
Hungary) was used to recognize the plasmatocytes at 1:200
(Kurucz et al., 2007). After washing, specimens were incu-
bated with Alexa 555 secondary antibody (1:400; Molecular
Probes). The surfaces and interiors of the CNS were
observed using Al+ (Nikon, Tokyo, Japan) by altering the
focal planes along the Z-axis. Subsequently, the confocal
images obtained were processed using NIS-Elements
(Nikon) and Adobe Photoshop CS6. Multiple images were
assembled into a single image using Photoshop CS6.

5.6 | Preparation of circulating
hemocytes in larval hemolymph

Single mature larvae at the third instar stage were dis-
sected in Drosophila Ringer solution (DR) (10 mM, Tris-
HCI pH 7.2, 3 mM CacCl, - 2H,0, 182 mM KCL, 46 mM
NaCl) and placed on glass slides. The larval epidermis
was cut using a pair of fine forceps to allow circulating
hemocytes to be released into the DR outside the larvae.
Whole aliquots of the cell suspension were placed on
glass slides, allowed to evaporate, and fixed in 4% para-
formaldehyde for 10 min. After washing with PBST,
DAPI-stained hemocytes were prepared as described
(Kurihara, Takarada, & Inoue, 2020).
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5.7 | Immunostaining of circulating
hemocytes in larval hemolymph

Hemocytes in larval hemolymph were collected in DR
on the slide glasses from matured third instar larvae
and fixed in 4% paraformaldehyde for 10 min. After
washing with PBST, the fixed cells were blocked with
10% NGS for 30 min and incubated with primary anti-
bodies at 4°C for overnight. The following antibodies
were used as primary antibodies; anti-phospho-SAPK/
JNK antibody (#559309, Sigma-Aldrich, St. Louis, MO,
USA) at 1:200, anti-Mmpl antibodies (#3A6B4,
#3B8D12, and #5H7B11, DSHB, Iowa, USA) at 1:300
for each, and anti-P1 antibody at 1:200 (Kurucz
et al, 2007). To visualize F-actin, Alexa Flour
488-conjugated-phalloidin (#A12379, Thermo Fisher,
Carlsbad, CA, USA) diluted at 1:100 was added with
the primary antibodies. After washing with PBST, the
fixed cells were incubated with Alexa 488-, Alexa 555-
or Alexa 594-conjugated secondary antibody (1:400;
Molecular Probes). The fluorescence intensity of the
anti-phospho-SAPK/JNK immunostaining in hemocytes
was quantified using Image J. The cells were classified
into five categories based on the intensity levels: cells
showing less than 10 intensity values in Image] were
classified as category (I), those with 10 to 40 intensity
values were classified as category (II), those with inten-
sity values of 40 to 70 as the moderate category (III),
those with 70 to 100 intensity values as the intense cat-
egory (IV), and those with intensity values higher than
100 as the most intense category (V).

5.8 | Statistical analysis

Scatter plots were created using GraphPad Prism
9 (GraphPad Software, San Diego, CA, USA) or Microsoft
Office Excel 2016 (Microsoft, Redmond, WA, USA) to
determine the number of hemocytes on the CNS, fluores-
cence intensity of LGs or circulating hemocytes, and pro-
portion of abnormal cells with extended filopodia. Each
dataset was assessed using Welch's ¢ test or Student's
t test as previously described (Araki et al., 2019; Kurihara,
Komatsu, et al., 2020; Kurihara, Takarada, & Inoue,
2020). An F-test was performed to determine the equal
or unequal variances. Welch's t-test was performed
when the p-value was less than .05 (unequal variance).
Student's t-test was performed when the value was
greater than 0.05 (with equal variance). One-way
ANOVA was used for analyzing differences in more
than two groups. Statistical significance is shown in
each figure: *; p < .05, **; p < .01, ***; p <.001, and
ks p < .0001.
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