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ABSTRACT Stem cells reside in specialized niches and are regulated by a variety of physiological inputs. Adipocytes influence whole-
body physiology and stem cell lineages; however, the molecular mechanisms linking adipocytes to stem cells are poorly understood.
Here, we report that collagen IV produced in adipocytes is transported to the ovary to maintain proper germline stem cell (GSC)
number in adult Drosophila females. Adipocyte-derived collagen IV acts through b-integrin signaling to maintain normal levels of
E-cadherin at the niche, thereby ensuring proper adhesion to GSCs. These findings demonstrate that extracellular matrix components
produced in adipocytes can be transported to and incorporated into an established adult tissue to influence stem cell number.
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TISSUE-RESIDENT stem cells within living organisms are
constantly influenced by physiological factors (Ables et al.

2012). Adipocytes are required for energy homeostasis and
secrete a variety of factors that can signal their physiological
status to other tissues (Rosen and Spiegelman 2014). Adipo-
cyte function is often disrupted in obese individuals, leading
to an increased risk of metabolic diseases and cancers (Rosen
and Spiegelman 2014). However, how adipocytes modulate
tissue stem cells remains largely unknown.

The Drosophila melanogaster ovary is a powerful model to
study the in vivo regulation of stem cells (Laws and Drummond-
Barbosa 2017). Egg production in Drosophila is supported by
self-renewing germline stem cells (GSCs). Each ovary con-
tains 16–20 ovarioles comprising an anterior germarium
followed by progressively older follicles (Figure 1A). The
germarium houses two to three GSCs, which are supported
by a somatic niche composed primarily of cap cells (Figure
1B). GSCs self-renew and give rise to a cystoblast that

undergoes four rounds of synchronous divisions to generate
a 16-cell germline cyst that will ultimately produce a mature
oocyte (Laws and Drummond-Barbosa 2017). Cap cells
promote GSC self-renewal by secreting Bone Morphogenic
Protein (BMP) signals that prevent differentiation (Xie and
Spradling 1998). E-cadherin-mediated adhesion of the niche
to GSCs ensures their maintenance in the niche environment
(Song and Xie 2002). Multiple systemic inputs, including un-
known factors produced by adipocytes (Figure 1C), impinge
on the local regulation of GSCs to functionally tie GSCs
to the physiology of the organism as a whole (Laws and
Drummond-Barbosa 2017; Matsuoka et al. 2017).

We previously took a proteomic approach to identify diet-
regulated adult fat body factors with potential roles in the
ovarian GSC lineage (Matsuoka et al. 2017). The fat body is a
nutrient-sensitive organ composed of amajority of adipocytes
in combination with smaller and fewer hepatocyte-like oeno-
cytes (Arrese et al. 2010). We found that many extracellular
matrix proteins, including collagen IV, rapidly accumulate
in the fat body within 12 hr of a rich-to-poor diet shift
(Matsuoka et al. 2017). Extracellular matrix proteins have
structural and signaling roles, and type IV collagens are par-
ticularly abundant in basement membranes (Brizzi et al.
2012). In Drosophila, collagen IV is encoded by Collagen
type IV a 1 (Col4a1, also known as Cg25C) and Viking, and
previous work showed that the larval fat body produces
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heterotrimers of Viking and Cg25C that are transported
through the hemolymph and deposited in developing organs
(Pastor-Pareja and Xu 2011). By contrast, the source and role
of collagen IV in the adult, fully established ovary remains
largely unexplored.

In this study, we used a combination of genetics and cell
biology to investigate whether and how adipocyte-derived
collagen IVmodulates theDrosophila femaleGSC lineage.We
demonstrate that collagen IV produced in adipocytes is trans-
ported to and incorporated into the established GSC niche
region to support GSC maintenance in adult females. We show
that, while cap cell number and BMP signaling remain intact,
adipocyte-specific knockdownof collagen IV reduces E-cadherin
levels in the niche. Further, we find that focal adhesion kinase
(FAK) is required in the niche to regulate E-cadherin levels and
GSC number, and that adipocyte collagen IV regulates GSC
maintenance through a genetic interaction with b-integrin
and FAK. Taken together, our results show that extracellular
matrix proteins secreted from adult adipocytes can influence
stem cell behavior in a distinct, fully established tissue.

Materials and Methods

Drosophila strains and culture conditions

Drosophila stocks were maintained at 22–25� on standard
medium containing cornmeal, molasses, agar, and yeast.
Standard medium supplemented with wet yeast paste was
used for all experiments, except where noted. Previously de-
scribed Gal4 lines were used, including 3.1Lsp2-Gal4
(Armstrong et al. 2014), bab1-Gal4 (Cabrera et al. 2002),
MTD-Gal4 (Ni et al. 2011), and Cg-Gal4 (Asha et al. 2003).
The temperature-sensitive tub-Gal80ts transgene and the
dad::nlsGFP reporter have been described (McGuire et al.
2003; Ayyaz et al. 2015). The FakKG00304 (Tsai et al. 2008),
vkg01209 (Spradling et al. 1999), Cg25CK00405 (Spradling
et al. 1999), scb2 (Stark et al. 1997), shg2 (Tepass and Har-
tenstein 1994), and dppe87 (Wharton et al. 1993) alleles were
obtained from the Bloomington Drosophila Stock Center
(BDSC, bdsc.indiana.edu/). The vkgKG07138 allele (Rodriguez
et al. 1996) was obtained from the Kyoto Stock Center (www.
dgrc.kit.ac.jp/). The GFP protein trap line VkgG00454 (Pastor-
Pareja and Xu 2011) was a generous gift from Bill Chia. The
UAS-GFP hairpin line was previously described (Pastor-Pareja
and Xu 2011). UAS-lucJF01355 (Matsuoka et al. 2017), UAS-
vkgHMC02910 (Ni et al. 2011), UAS-SPARCHMS02133 (Ni et al.
2011),UAS-FakHMS00010 (Ni et al. 2011), andUAS-FakHMS02792

(Ni et al. 2011) Transgenic RNAi (RNA interference) Project
(fgr.hms.harvard.edu/) lines were obtained from the BDSC.
Additional UAS-hairpin lines were obtained from the Vienna
Drosophila RNAi stock Center (VDRC, stockcenter.vdrc.at/),
including UAS-vkgGD5246 (Pastor-Pareja and Xu 2011), UAS-
Cg25CGD12784 (Neely et al. 2010), UAS-Cg25CKK104536

(Langer et al. 2010), and UAS-SPARCGD5660 (Neely et al.
2010). Lines carrying multiple genetic elements were gen-
erated by standard crosses. Balancer chromosomes, FRT

and FLP strains, and other genetic elements are described
in FlyBase (www.flybase.com).

Tissue- and cell type-specific RNAi

Females of genotypes y w; tub-Gal80ts/UAS-hairpin; 3.1Lsp2-
Gal4/+ or y w; tub-Gal80ts/+; 3.1Lsp2-Gal4/UAS-hairpin
(for adult adipocyte-specific RNAi), and y w; tub-Gal80ts/
UAS-hairpin; bab1-Gal4/+ or y w; tub-Gal80ts/+; bab1-
Gal4/UAS-hairpin (for adult-specific niche RNAi), were
raised at 18� [the permissive temperature for Gal80ts

(McGuire et al. 2003)] to prevent RNAi induction during de-
velopment. Zero- to 2-day-old females were maintained at
18� for 3 days with y w males, and then switched to 29�
(the restrictive temperature for Gal80ts) for various lengths
of time to induce RNAi in specific adult tissues (UAS-
lucJF01355 was used as an RNAi control). To control for leaky
upstream activating sequence (UAS) expression, females of
similar genotypes but without Gal4 and Gal80ts transgenes
were raised and maintained under the same conditions for
analysis at 12 days after switch to 29�. MTD-Gal4 experi-
ments were performed as described above, except that
Gal80ts was not included and females were raised at 25� in-
stead of 18� before shifting to 29�.

Genetic mosaic analysis

Females of genotype y w hs-FLP; ubi-GFP FRT40A/vkg*
FRT40A or y w hs-FLP; ubi-GFP FRT40A/Cg25C* FRT40Awere
generated through standard crosses (vkg* and Cg25C* rep-
resent null or wild-type alleles of the respective genes). Zero-
to 3-day-old females were maintained on standard food with
dry yeast and heat-shocked twice daily at 37� for 3 days to
induce flipase (FLP)/FLP recognition target (FRT)-mediated
mitotic recombination, as described (LaFever and Drummond-
Barbosa 2005; Hsu et al. 2008; Hsu and Drummond-Barbosa
2009, 2011; Ables and Drummond-Barbosa 2010, 2013;
LaFever et al. 2010; Ables et al. 2015, 2016; Laws and
Drummond-Barbosa 2015, 2016; Laws et al. 2015). After the
final heat shock, females were kept on standard medium sup-
plemented with wet yeast paste for 10 days prior to dissection.
vkg* and Cg25C* homozygous clones were recognized by the
absence of GFP, and GSCs were identified based on their an-
terior location and typical fusome morphology (Laws and
Drummond-Barbosa 2015). To quantify GSC loss, germaria
containing GFP-negative cystoblasts and/or cysts were ana-
lyzed, and the percentage of germaria that no longer contained
the GFP-negative GSC that gave rise to those GFP-negative
progeny (i.e., “GSC loss events”) was calculated (Laws and
Drummond-Barbosa 2015). At least three independent experi-
ments were performed and statistical significance was calcu-
lated using the Student’s t-test.

Ovary and fat body immunostaining and
fluorescence microscopy

Ovaries were dissected in Grace’s Insect Medium (Bio Whit-
taker) and, after teasing ovarioles apart, fixed for 13 min in
5.3% formaldehyde (Ted Pella) in Grace’s medium at room
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temperature. Ovaries were subsequently rinsed once and
washed three times for 15 min in PBT (PBS: 10 mM NaH2PO4/
NaHPO4 and 175 mM NaCl, pH 7.4, plus 0.1% Triton
X-100). Samples were blocked for 3 hr in 5% normal goat
serum (NGS; Jackson ImmunoResearch) plus 5% bovine se-
rum albumin (BSA; Sigma [Sigma Chemical], St. Louis, MO)
in PBT, and then incubated overnight at 4� in the following
primary antibodies diluted in blocking solution: mouse
monoclonal anti-a-Spectrin (3A9) [1:25; DSHB (Develop-
mental Studies Hybridoma Bank)]; mouse anti-Lamin C
(LC28.26) (1:100; DSHB); chicken anti-GFP (1:1000;
Abcam); rat monoclonal anti-E-cadherin (DCAD2) (1:3;
DSHB); and rabbit anti-pFAK (Y397) (1:100; Invitrogen,
Carlsbad, CA). Samples were washed in PBT and incubated
for 2 hr at room temperature in 1:400 Alexa Fluor 488- or
568-conjugated goat species-specific secondary antibodies
(Molecular Probes, Eugene, OR). Samples were washed
and ovaries were mounted in Vectashield containing 1.5
mg/ml 4’,6-diamidino-2-phenylindole (DAPI) (Vector Labo-
ratories, Burlingame, CA). Images were collected with Zeiss
(Carl Zeiss, Thornwood, NY) AxioImager-A2 fluorescence or
LSM700 confocal microscopes.

Abdominal carcasses with the fat body attached (but with-
out guts and ovaries) were fixed as above, except for 20 min
instead of 13 min. Fat bodies attached to carcasses were
washed as above, incubatedwith Alexa Fluor 488-conjugated
phalloidin (1:200; Molecular Probes) in PBT for 20 min,
rinsed, and washed three times for 15 min in PBT. Alterna-
tively, fat bodieswere stainedwithDCAD2asdescribedabove.
For Vkg::GFP analysis, fat bodies were stained with chicken
anti-GFP as described above. Samples were stored in Vecta-
shield plus DAPI (Vector Laboratories) containing 25 ng/ml
Nile Red dye, and fat bodies were scraped off the abdominal
carcass before mounting and imaging on a Zeiss LSM700
confocal microscope.

For Dad::nlsGFP quantification, the densitometric mean of
individual GSC nuclei was measured from optical sections con-
taining the largest nuclear diameter (visualized by DAPI) using
ImageJ (Armstrong et al. 2014). For E-cadherin quantification,
the total densitometric value frommaximum intensity projections
around the cap cells (identifiedby LamCstaining)weremeasured
with ImageJ. Quantification of E-cadherin levels by immunofluo-
rescence is a well-established method to determine whether ad-
herence of GSCs to the niche is compromised (Hsu and
Drummond-Barbosa 2011; Ables and Drummond-Barbosa
2013; Tseng et al. 2014; Laws et al. 2015; Lee et al. 2016).
Densitometric data were subjected to the Mann–Whitney U-test.
Tomeasure adipocyte nuclear diameter, the largest nuclear diam-
eter of each adipocyte (visualized by DAPI) was measured using
ImageJ. To measure adipocyte area, the largest cell area of each
adipocyte (basedonphalloidin orDCAD2 staining)wasmeasured
using ImageJ. Data were subjected to the Student’s t-test.

Quantification of cap cells, GSCs, and GSC progeny

Cap cells were identified based on their ovoid shape and strong
Lamin C staining, whereas GSCs were identified based on their

juxtaposition to cap cells and typical fusome morphology, as
described (Laws and Drummond-Barbosa 2015). Two-way
ANOVAwith interaction (GraphPad Prism)was used to calculate
the statistical significance of any differences among genotypes in
howmuch cap cell orGSCnumbers changeover time (e.g., rate of
GSC loss) from at least three independent experiments. In accor-
dance with our choice to use two-way ANOVA with interaction
analysis, we had independent observations, our data did not
display any significant outliers, our dependent variable was nor-
mally distributed for each independent variable, and there was
equal variance for each independent variable group. The depen-
dent variables determined for two-way ANOVAwith interaction
were either GSC or cap cell number, whereas the two indepen-
dent variables were genotype and time (Armstrong et al. 2014).
Cystoblasts and 2-, 4-, 8-, and 16-cell germline cysts present
in germaria were identified based on fusome morphology, and
the number of GSC progeny in each stage was normalized to
the number of GSCs in all the germaria analyzed (Laws and
Drummond-Barbosa 2015). The average number of cystoblasts
and cysts per GSC was calculated from at least three indepen-
dent experiments and subjected to the Student’s t-test.

Quantification of Vkg::GFP transport from adipocytes to
the GSC region

To determine whether Vkg is transported from adult adipo-
cytes to the ovary, we designed an in vivo experiment that
would allow us to “track” Vkg::GFP fluorescence originating
from adipocytes over time. We generated females that con-
tained one copy of vkg::GFP, which is endogenously tagged
and fully functional (Pastor-Pareja and Xu 2011), and one
copy of wild-type vkg in combination with the adipocyte-
specific tub-Gal80ts;3.1Lsp2-Gal4 (3.1Lsp2ts) (Armstrong et al.
2014) driver and a UAS-GFP hairpin transgene (the presence
of the untagged vkg allele ensures that knockdown of vkg::
GFP using GFP RNAi will leave mRNA from one of the vkg
alleles unaffected at all times, precluding any confounding
phenotypes). To knock down vkg::GFP specifically in adipo-
cytes during development, females were raised at 29� (to
inactivate Gal80ts and allow GFP hairpin expression). Newly
eclosed females were either dissected immediately (t = 0),
maintained in triplicate vials with y wmales at 29� for 21 days
(to keep Vkg::GFP off in adult adipocytes), or shifted to 18�
for 21 days (to allow Vkg::GFP expression in adult adipo-
cytes) prior to dissection and analysis of their fat bodies
and ovaries.

Tomeasure Vkg::GFP fluorescence intensity in adipocytes,
the maximum intensity of each of five evenly spaced lines
intersecting the basement membrane of a field of adipocytes
was measured and averaged. Twenty or more randomly
selected fields of adipocytes from three independent experi-
ments were analyzed. As a measure of GFP RNAi efficiency,
adipocyte Vkg::GFP fluorescence intensity at t = 0 was mea-
sured and compared to adipocyte samples from 21 days at
29� vs. 18�. The increase in Vkg::GFP fluorescence intensity in
adipocytes from 21 days at 18� indicated that our experimen-
tal set up was working as expected to knockdown and restore
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adipocyte-specific Vkg::GFP levels. As an additional control,
we measured the levels of Vkg::GFP in stage 6–8 follicles as
described above for adipocytes. In agreement with the known
local production of collagen IV in these follicles (Haigo and
Bilder 2011), the levels of Vkg::GFP surrounding them were
unaffected by Vkg::GFP manipulations in adipocytes. To
quantify Vkg::GFP intensity in the GSC region, five indepen-
dent maximum intensity line measurements (as above) were
obtained in the anterior portion of the germarium (i.e., the
basement membrane adjacent to cap cells) and averaged.
Twenty or more germaria from three independent experi-
ments were analyzed. To achieve as much consistency as
possible among samples for intensity measurements, samples
were dissected, fixed, and stained in parallel under identical
conditions, and the image acquisition settings were exactly the
same for all images used for quantification. All measurements
were recorded using ImageJ for at least three independent
experiments. Data were subjected to theMann–WhitneyU-test.

Reverse transcriptase-polymerase chain reaction

For RNA extraction, five whole females were incubated in
RNAlater (Ambion) for 30 min according to the manufac-
turer’s instructions to stabilize RNA. Alternatively, carcasses
(i.e., females without their ovaries and gut) from 20 females
or ovaries from five females per genotype were hand dis-
sected in RNAlater and incubated on ice for 30 min. Fat bod-
ies were then scraped off the cuticle in a dissecting well
containing 250 ml lysis buffer from the RNAqueous-4PCR
DNA-free RNA Isolation for RT-PCR kit (Ambion), whereas
250 ml of lysis buffer was added to ovary and whole-female
samples. RNA was extracted from all samples using a motor-
ized pestle and following the manufacturer’s directions.
cDNA was synthesized using the SSRII kit (Ambion) accord-
ing to the manufacturer’s instructions. The primers used for
PCR reactions are listed in Supplemental Material, Table S1.
Rp49 primers were used as a control. Net band intensity for
each sample was quantified using ImageJ by subtracting
background pixels from band pixels in a fixed size box, and
normalized to the net band intensity of the corresponding
Rp49 band. Controls were set to one and experimental sam-
ple intensities were calculated relative to control.

Data availability

Drosophila strains are available upon request. All data gener-
ated for this study are included in themain text andfigures or in
the supplemental files provided. Supplemental material avail-
able at Figshare: https://doi.org/10.25386/genetics.6463229.

Results

Adipocyte-derived collagen IV is specifically required for
GSC maintenance

In the adult female fat body, collagen IV proteins are abundant
and highly regulated (Matsuoka et al. 2017), leading us to ask
whether collagen IV in adipocytes might be connected to the

maintenance of GSCs. We knocked down viking (vkg), Cg25C
(both of which encode collagen IV), or SPARC (which
encodes a collagen-binding protein) specifically in adult ad-
ipocytes using the previously described tub-Gal80ts; 3.1Lsp2-
Gal4 (3.1Lsp2ts) driver (Armstrong et al. 2014) to induce
UAS-hairpin transgenes for RNAi. Adult adipocyte-specific
vkg, Cg25C, or SPARC RNAi significantly increased the rate
of GSC loss (Figure 1, D–G and Figure S1). There were no
changes in cap cell number (Figure S1), germline develop-
ment or survival (Figure S2, A–C), or adipocyte morphology
(Figure S2, D–F), underscoring the specificity of the effect of
adipocyte collagen IV knockdown on GSCs.

Collagen IV is not required cell-autonomously for
GSC maintenance

We next wondered how collagen IV produced in adipocytes
might influence GSC number in the ovary. However, as a first
stepwe examinedwhethermore locally produced collagen IV
also affects GSC maintenance. Collagens are typically tran-
scribed and secreted locally, and collagen IV represents the
major structural component of basement membranes (Frantz
et al. 2010). In the adult Drosophila ovary, collagen IV sur-
rounds the germarium (including the GSC niche region) and
developing follicles (Haigo and Bilder 2011), as can be readily
visualized using a fully functional, endogenously tagged Vkg::
GFP protein fusion (Haigo and Bilder 2011; Pastor-Pareja and
Xu 2011) (Figure S3, A and B). By contrast, a Gal4 transgene
under the control of the 2.7-kb regulatory region shared by
Cg25C and vkg (Asha et al. 2003; Zabidi and Stark 2016)
(Figure S3A), while sufficient to driveUAS-nuclear GFP expres-
sion in follicle cells of later follicles [which are known to pro-
duce their own collagen (Haigo and Bilder 2011)], showed no
detectable activity in the early stages of oogenesis, including
the germarium (Figure S3C). Given that transcription of col-
lagen IV might still occur despite not being detectable by this
Gal4 reporter, we genetically addressed whether collagen IV
from the germline or niche is functionally relevant. Genetic
mosaic analysis using Cg25C and vkg null alleles did not reveal
any cell-autonomous role of collagen IV in the regulation of
GSC number in adult females (Figure S3, D–F). Given that
genetic mosaic analysis is not feasible in the adult GSC niche,
we instead used tub-Gal80ts; bab1-Gal4 to induce collagen IV
RNAi specifically in the adult niche (akin to the adult adipocyte
knockdown approach above). Knockdown of vkg in the niche
using the stronger (but not the weaker) RNAi line led to a
slight increase in GSC loss (Figure S3, G and H). These results
indicate that adipocytes are the major site of collagen IV re-
quirement for GSC maintenance, with a smaller contribution
from the niche. Further, they suggest that it is unlikely that local
transcription of collagen IV accounts for all the collagen IV pro-
tein maintained around the niche and early stages of oogenesis.

Adipocyte-derived collagen IV is incorporated into the
adult ovary basement membrane

We next investigated adipocytes as a possible cellular source
of collagen IV in theGSCniche region in adult females. During
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Drosophila development, collagen IV is produced by hemoc-
ytes and deposited around the developing GSC niche, where
it limits BMP signaling and the number of initial GSCs estab-
lished (Pastor-Pareja and Xu 2011; Van De Bor et al. 2015).
The developing fat body also produces and secretes collagen
IV, which is deposited into the extracellular matrix of other
developing organs (Pastor-Pareja and Xu 2011). To directly
test whether collagen IV is transported from adipocytes to the
fully established GSC niche in adult females, we took advan-
tage of the Vkg::GFP endogenous fusion (Figure S3, A and B)
and our ability to target it for degradation specifically in ad-
ipocytes using the 3.1Lsp2ts driver and a UAS-GFP hairpin
transgene (Figure 2). In females carrying a wild-type un-
tagged vkg allele in trans to the tagged vkg::GFP allele at
29� (where Gal80ts is inactive), 3.1Lsp2ts induces GFP RNAi
and thus knockdown of vkg::GFP in adipocytes only, leaving
expression of the untagged Vkg intact. At 18� (where Gal80ts

is active), 3.1Lsp2ts is off and Vkg::GFP can be expressed in
adipocytes. Females were raised at 29� to inhibit expression
of Vkg::GFP from adipocytes during development (Figure
2A). As expected, we detected very low levels of Vkg::GFP
in adipocytes of newly eclosed females (Figure 2, B and C, left
panels). Vkg::GFP levels were also low in the GSC region
(Figure 2, D and E, left panels). A subset of newly eclosed
females was maintained at 29� for 21 days to continuously
knock down adipocyte Vkg::GFP, whereas another subset
was maintained at 18� to allow Vkg::GFP expression in adult
adipocytes (Figure 2A). Remarkably, if Vkg::GFP remained
repressed in adult adipocytes (29�) (Figure 2, B and C, mid-
dle panels), the GSC region maintained low levels of Vkg::
GFP (Figure 2, D and E, middle panels), whereas if Vkg::GFP
expression in adult adipocytes was allowed (18�) (Figure 2, B
and C, right panels), there was a significant increase in Vkg::
GFP intensity in the GSC region (Figure 2, D and E, right
panels). By contrast, the levels of Vkg::GFP surrounding older
developing follicles (stages 6–8) were unaffected by the status
of Vkg::GFP expression in adult adipocytes (Figure 2, F andG),
consistent with the local production of collagen IV in these
later stages (Haigo and Bilder 2011). Taken together, these
results indicate that adipocytes are a major source of newly
deposited collagen IV for the established GSC region of adult
females, although they do not rule out contributions from
other conceivable remote sources of collagen IV.

Adipocyte collagen IV does not influence BMP signaling,
but is required for maintaining normal E-cadherin levels
in the GSC niche

Our finding that collagen IV is transported from adipocytes
to the GSC region suggested effects on BMP signaling or
E-cadherin as possible mechanisms for how adipocyte-
derived collagen IV might affect GSC number. To determine
whether adipocyte collagen IV influences BMP signaling, we
measured the nuclear intensity of the BMP signaling reporter
Dad::nlsGFP in GSCs when vkg was knocked down in adult
adipocytes. vkg RNAi in adult adipocytes did not change
Dad::nlsGFP levels in GSC nuclei compared to control RNAi

(Figure 3, A and B). By contrast, vkg knockdown in adult
adipocytes significantly decreased the total levels of E-cadherin
in cap cells relative to controls (Figure 3, C and D), suggesting
that GSCs are lost due to reduced adhesion to the niche.

FAK is required in the niche for GSC maintenance

Wenext explored themolecular connection between adipocyte-
derived collagen IV and E-cadherin regulation in the niche.
In mammalian cells, collagen IV stimulation of integrins
and downstream activation of FAK signaling leads to down-
regulation of E-cadherin (Canel et al. 2013). Type IV
collagen-induced activation of FAK is associatedwith an epithe-
lial-to-mesenchymal transition-like process inmammary epithe-
lial cells (Espinosa Neira and Salazar 2012). Conversely,
another study showed that a specific region of collagen IV pro-
motes cell adhesion in several cancer cell lines (Miles et al.
1994). As a first step, we asked if cap cells or GSCs might re-
quire FAK signaling to maintain E-cadherin levels and normal
GSC numbers. We knocked down Fak specifically in the
germline or in the adult niche using the MTD-Gal4 or tub-
Gal80ts; bab1-Gal4 (bab1ts) drivers, respectively, and avail-
able UAS-hairpin transgenes (Figure 3, E–H and Figure S4,
A–E). Knockdown of Fak in the germline slightly decreased
GSC number (Figure S4, C–E), whereas adult niche Fak
knockdown led to a significant increase in GSC loss rates
(Figure 3, E and F and Figure S4, A and B). In addition,
Fak RNAi in the niche caused a reduction in the E-cadherin
levels in cap cells (Figure 3, G and H), similar to what we
observed upon vkg RNAi in adipocytes (Figure 3, C and D).
These results revealed that FAK signaling in the niche is re-
quired for proper E-cadherin levels and for GSCmaintenance.

Collagen IV genetically interacts with integrin/FAK to
regulate GSC maintenance

We then sought to test whether adipocyte collagen IV might
affect GSCmaintenance via integrin/FAK signaling-mediated
control of E-cadherin levels. To directly test if collagen IV
affects FAK signaling in the niche, we pursued a commercially
available antibody specific for phosphorylated FAK, pFAK
(Y395) (Fried et al. 2012). This phosphospecific antibody
recognizes ring canals (which contain pFAK) within ovarian
follicles (Figure S4G), as previously described (Dodson et al.
1998); however, we were unable to detect specific signals in
the GSC niche regions (Figure S4F), precluding our intended
experiment. This is simply a technical limitation (as opposed
to reflecting a lack of FAK activity in the niche), given the
clear genetic requirement for Fak in niche cells (see Figure 3,
E and F). We next examined genetic interactions between
collagen IV, integrin signaling components, and E-cadherin.
First, we reasoned that if adipocyte-derived Vkg acts through
FAK to control E-cadherin levels and GSC maintenance, de-
creasing the levels of FAK might enhance the GSC loss phe-
notype of adipocyte vkg RNAi. Therefore, we knocked down
vkg specifically in adipocytes of adult females heterozygous
for the hypomorphic FakKG00304 allele (Figure 4A). GSC
maintenance was unaffected by the presence of one copy of
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FakKG00304 in control RNAi females [Figure 4B, compare con-
trol and experimental slopes (i.e., rates of GSC loss) and see
Materials and Methods for detailed explanation of statistical
analysis]. By contrast, the rate of GSC loss of adipocyte vkg
RNAi females was slightly but significantly increased by one
copy of FakKG00304 (i.e., in a dominant fashion), despite it not
being a null allele (Figure 4B, compare control and experi-
mental slopes). This dominant genetic interaction suggests
that adipocyte-derived collagen IV and FAK work in a com-
mon pathway to maintain GSCs. We also carried out addi-
tional stringent genetic interaction tests using double
heterozygous combinations of null alleles of vkg and scab
(scb, which encodes a-PS3 integrin) or shotgun (shg, which

encodes E-cadherin), using a null allele of decapentaplegic
(dpp, which encodes a BMP signal) as a negative control.
dppe87 +/+ vkg01209 double heterozygotes had similar rates
of GSC loss as single heterozygotes (Figure 4C), consistent
with the observation that adipocyte collagen IV does not af-
fect BMP signaling (Figure 3, A and B). Conversely, vkg01209

+/+ scb2 and vkg01209 +/+ shg2 double heterozygotes
showed a small but significant increase in the rate of GSC
loss compared to single heterozygous controls (Figure 4D).
Collectively, our dominant genetic interaction results provide
genetic evidence in support of the model that in adult fe-
males, adipocyte collagen IV functions through integrin/
FAK signaling to regulate E-cadherin levels and GSC number.

Figure 1 Collagen IV produced in adult adipo-
cytes is required for GSC maintenance. (A) The
Drosophila ovary is composed of 16–20 ovari-
oles that contain progressively older follicles.
Each follicle consists of a germline cyst (one
oocyte and 15 nurse cells) surrounded by so-
matic follicle cells (blue), and they are produced
in the germarium at the anterior tip of each
ovariole. (B) Each germarium contains two–
three GSCs that reside in a somatic niche
composed primarily of cap cells. GSCs divide
asymmetrically to self-renew and generate a
cystoblast that forms a 16-cell cyst. GSCs and
germline cysts are identified based on the mor-
phology and position of the fusome, a germ-
line-specific organelle (de Cuevas and Spradling
1998). Follicle cells envelop the germline cyst to
form a follicle. (C) The adult fat body (com-
posed of adipocytes and hepatocyte-like oeno-
cytes) surrounds the ovary. (D) Germaria at
14 days of adult adipocyte-specific Luc RNAi
control or vkg RNAi. Vasa (red), germ cells;
a-Spectrin (green), fusome; LamC (green), cap
cell nuclear lamina; DAPI (blue), nuclei. GSCs
are outlined. Bar, 10 mm. (E–G) Average num-
ber of GSCs per germarium over time of con-
trol, Cg25C RNAi (E), vkg RNAi (F), or SPARC
RNAi (G) (mean 6 SEM, * P , 0.05 and ****
P , 0.0001, two-way ANOVA with interac-
tion). See also Figures S1 and S2. GSC, germ-
line stem cell; RNAi, RNA interference; st.,
stage.
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Figure 2 Collagen IV is transported from adipocytes to the GSC region in adult females. (A) Experimental design for adipocyte-specific GFP RNAi and
analysis of Vkg::GFP distribution. Vkg::GFP was knocked down specifically during development using the 3.1Lsp2-Gal4 driver and a previously described
UAS-GFP shRNA. After eclosion, females were immediately dissected, maintained at 29� (to maintain GFP RNAi), or switched to 18� (GFP RNAi off). After
21 days, females at 29 or 18� were dissected and analyzed for GFP fluorescence intensity. (B) Adipocytes from newly eclosed females (0d) and 21-day
old (21d) females maintained at 29 or 18� showing higher levels of Vkg::GFP (arrows) at 18� (when adipocyte-specific GFP RNAi is off). GFP (green),
Vkg::GFP; DAPI (blue), nuclei. Vkg::GFP shown in grayscale in bottom panels. Arrowheads indicate trachea. Bar, 10 mm. (C) Box-and-whisker plot of
mean Vkg::GFP intensity in adipocytes for experiment shown in (B). (D) Germaria from females as in (B) showing that higher levels of Vkg::GFP in the
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Discussion

Our data show that collagen IV is produced in adipocytes and
transported to the ovary to influence themaintenance ofGSCs
in adultDrosophila females. To our knowledge, this is the first
example of an extracellular matrix component produced in
adipocytes being incorporated into a stem cell niche in a
distinct, fully established adult tissue to regulate stem cell
activity. Further, we also provide genetic evidence consistent
with the model that collagen IV directly stimulates integrin/
FAK signaling in the niche to maintain E-cadherin levels and
thereby promote GSC maintenance. These results are widely
relevant, considering the well-established link between obe-
sity and a large number of cancers and other diseases (Rosen
and Spiegelman 2014), and the diverse structural and signal-
ing roles of collagen IV and other extracellular matrix com-
ponents in development, tissue integrity and function, tumor
biology, and aging (Frantz et al. 2010; Mao et al. 2015).

Differential effects of collagen IV on GSC numbers
during development and adulthood

Here, our results show that adipocyte-derived collagen IV is
required for GSC maintenance in adult ovaries. In contrast to
these findings in adults, loss of collagen IV function during
larval stages, either in hypomorphic alleles or by knocking
downcollagen IV inhemocytes, results in excessGSC-like cells
that are readily apparent in newly eclosed females (Wang
et al. 2008; Van De Bor et al. 2015). Cg25C and Viking can
bind directly to Dpp, suggesting that this marked increase in
GSC-like cell number reflects a role of collagen IV in limiting
BMP signaling to GSCs during niche development (Wang
et al. 2008). Conversely, we find that knockdown of adipocyte
collagen IV in adults does not influence BMP signaling in the
niche, instead promoting GSC maintenance via E-cadherin.
These contrasting findings suggest that collagen IV has con-
text-dependent roles in the regulation of GSC number,
depending on whether or not the niche is fully established.
However, this study does not rule out the possibility that
collagen IV from additional adult tissues might also contrib-
ute to the GSC niche, potentially affecting BMP signaling.

Continuous remodeling of the adult GSC niche
extracellular matrix

The extracellularmatrix components support tissue integrity
and homeostasis, and can also act as ligands for cell surface
receptors to modify cell behavior (Brizzi et al. 2012). Colla-
gen IV is produced and secreted from adipocytes to be in-
corporated into the basement membranes of developing
tissues (Pastor-Pareja and Xu 2011), and hemocytes also

produce collagen IV that is deposited in the ovary during
development (Van De Bor et al. 2015; Matsubayashi et al.
2017). Yet, although newly eclosed females display a robust
extracellular matrix in the GSC region, it is clear from our
work that the fully established GSC region requires the de-
position of new collagen IV derived from adipocytes during
adulthood for proper maintenance of GSCs. These findings
indicate an active role of extracellular matrix components in
maintaining stem cell function during adulthood. Neverthe-
less, it remains unknown whether this process operates in a
steady-state manner or is actively modulated under differ-
ent physiological conditions to help control GSC number
over time.

Collagen IV interacts with integrins to regulate cell–cell
adhesion in various contexts

Our data suggest that adult adipocyte collagen IV interacts
with integrins on the surface of niche cells to influence
E-cadherin levels through FAK signaling. Indeed, collagen
IV acts as a ligand for integrins, influencing cell adhesion,
proliferation, anddifferentiation inmammalianepithelial and
tissue culture models (Bonnans et al. 2014). Although the
activation of integrin signaling elicits a wealth of signaling
cascades (Harburger and Calderwood 2009), FAK is a known
downstream effector of integrin signaling and regulator of
adhesion (Legate et al. 2009). Depending on the context,
FAK-mediated signaling can either increase or decrease
cadherin levels. For example, FAK recruitment and activa-
tion at focal adhesions in motile HeLa cells downregulates
Rac1 activity, reducing the levels of N-cadherin (Yano et al.
2004). Conversely, in mouse embryonic fibroblasts, FAK acts
as a core component of focal adhesion signaling that activates
Rac, resulting in increased expression of N-cadherin and adhe-
sion (Mui et al. 2016). In addition, FAK activation is required in
human colon carcinoma Moser cells to induce E-cadherin pro-
duction (Wang et al. 2004). These results suggest that cell-to-
cell adhesion and cell-to-extracellular matrix interactions can
be antagonistic, cooperative, or possibly independent. Our
findings that FAK is required in the niche to promote
E-cadherin levels and GSCmaintenance, and genetically inter-
acts with integrin and Collagen IV to regulate these processes,
add an in vivo and physiologically relevant example to this
growing body of literature.

Remaining questions

Our results highlight collagen IV as an adipocyte-secreted
factor required for GSC maintenance, raising several ques-
tions. For example, it is currentlyunknownwhatpathways are

GSC niche region result specifically from Vkg::GFP expression in adult adipocytes. GFP (green), Vkg::GFP; a-Spectrin (red), fusome; LamC (red), cap cell
nuclear lamina; DAPI (blue), nuclei. Bar, 5 mm. (E) Box-and-whisker plot of mean Vkg::GFP intensity in the GSC region for experiment shown in (D).
(F) Representative images of stage 6–8 egg chambers from females showing that levels of Vkg::GFP in developing egg chambers do not depend on
Vkg::GFP expression in adult adipocytes. Bar, 25 mm. (G) Box-and-whisker plot of mean Vkg::GFP intensity for experiment in (F). **** P , 0.0001,
Mann–Whitney U-test. Sample sizes are included above. See also Figure S3. GSC, germline stem cell; n.s., not significant; RNAi, RNA interference;
shRNA, short hairpin RNA; UAS, upstream activating sequence.
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upstream of collagen IV production/secretion in adipocytes
and whether the influence of adipocyte-derived collagen IV
on GSC maintenance is responsive to physiological factors
such as diet, disease, or aging. Future studies should also
address how collagen IV is transported from adult adipo-
cytes, traverses the muscle sheath that encases the ovary,
and thenbecomes incorporated into the established basement

membrane of the GSC niche. Further, many additional key
players that are secreted from adipocytes in response to
physiological changes to regulate GSC number are as yet
unidentified (Armstrong et al. 2014; Matsuoka et al. 2017).
Although we are beginning to gain a better understanding of
fat-to-ovary communication, much future work will be re-
quired to address the intricate mechanisms and the myriad

Figure 3 Adipocyte-derived collagen IV
positively regulates E-cadherin levels at
the GSC-niche interface through FAK.
(A) Germaria from females at 10 days
of adipocyte-specific Luc control or
vkgGD5246 RNAi. GFP (green), Dad::
nlsGFP; LamC (red), cap cell nuclear lam-
ina; a-Spectrin (red), fusome. Dad::nls
shown in grayscale in panels on the
right. GSC nuclei are outlined. Bar,
5 mm. (B) Box-and-whisker plot of mean
Dad::nlsGFP intensity for experiment in
(A). (C) Germaria from females described
in (A). E-cadherin (red); LamC (green), cap
cell nuclear lamina; a-Spectrin (green),
fusome; DAPI (blue), nuclei. E-Cadherin
shown in grayscale in panels on the right
and asterisks indicate cap cells. Bar,
5 mm. (D) Box-and-whisker plot of mean
E-cadherin intensity for experiment in (C).
Sample sizes in (B and D) are included
above boxes. **** P , 0.0001, Mann–
Whitney U-test. (E) Germaria from fe-
males at 14 days of knockdown of Luc
or Fak in the adult niche showing Vasa
(germ cells, red), a-spectrin (fusome,
green), LamC (nuclear lamina, green),
and DAPI (DNA, blue). Bar, 10 mm. (F)
Average number of GSCs per germa-
rium at 0, 10, and 14 days of bab1ts

-mediated induction of RNAi against
Fak or Luc (mean 6 SEM; ** P , 0.01
and **** P , 0.0001, two-way ANOVA
with interaction). (G) Germaria at 10 days
of adipocyte-specific Luc or Fak RNAi
labeled for E-cadherin (red), LamC (nu-
clear lamina, green), and a-spectrin
(fusome, green). E-cadherin shown in
grayscale in panels on the right and as-
terisks indicate cap cells. Bar, 2.5 mm.
(H) Box-and-whisker plot of mean E-
cadherin intensity. Sample sizes are
included above. **** P , 0.0001,
Mann–Whitney U-test. The number of
germaria analyzed is shown above each
box. See also Figure S4. FAK, focal
adhesion kinase; GSC, germline stem
cell; n.s., not significant; RNAi, RNA
interference.
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of players mediating the interorgan communication that in-
fluences adult stem cell behavior and tissue homeostasis.
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Figure 4 FAK interacts genetically with adipocyte collagen IV to regulate GSC numbers. (A) RT-PCR of Fak in w1118 or FakKG00304 homozygous females
showing that the FakKG00304 hypomorphic allele has reduced levels of Fak mRNA expression. Rp49 is used as a control. Normalized band intensities are
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