
Hedgehog signaling from the Posterior Signaling Center 
maintains U-shaped expression and a prohemocyte population 
in Drosophila

Rajkumar Baldeosingha,b,1, Hongjuan Gaob, Xiaorong Wub, and Nancy Fossetta,b,*

aGraduate Program in Life Sciences, University of Maryland School of Medicine, Baltimore, MD 
21201

bCenter for Vascular and Inflammatory Diseases and the Department of Pathology, University of 
Maryland School of Medicine, Baltimore, MD 21201, USA.

Abstract

Hematopoietic progenitor choice between multipotency and differentiation is tightly regulated by 

intrinsic factors and extrinsic signals from the surrounding microenvironment. The Drosophila 
melanogaster hematopoietic lymph gland has emerged as a powerful tool to investigate 

mechanisms that regulate hematopoietic progenitor choice in vivo. The lymph gland contains 

progenitor cells, which share key characteristics with mammalian hematopoietic progenitors such 

as quiescence, multipotency and niche-dependence. The lymph gland is zonally arranged, with 

progenitors located in medullary zone, differentiating cells in the cortical zone, and the stem cell 

niche or Posterior Signaling Center (PSC) residing at the base of the medullary zone (MZ). This 

arrangement facilitates investigations into how signaling from the microenvironment controls 

progenitor choice. The Drosophila Friend of GATA transcriptional regulator, U-shaped, is a 

conserved hematopoietic regulator. To identify additional novel intrinsic and extrinsic regulators 

that interface with U-shaped to control hematopoiesis, we conducted an in vivo screen for factors 

that genetically interact with u-shaped. Smoothened, a downstream effector of Hedgehog 

signaling, was one of the factors identified in the screen. Here we report our studies that 

characterized the relationship between Smoothened and U-shaped. We showed that the PSC and 

Hedgehog signaling are required for U-shaped expression and that U-shaped is an important 

intrinsic progenitor regulator. These observations identify a potential link between the progenitor 

regulatory machinery and extrinsic signals from the PSC. Furthermore, we showed that both 

Hedgehog signaling and the PSC are required to maintain a subpopulation of progenitors. This led 

to a delineation of PSC-dependent versus PSC-independent progenitors and provided further 

evidence that the MZ progenitor population is heterogeneous. Overall, we have identified a 
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connection between a conserved hematopoietic master regulator and a putative stem cell niche, 

which adds to our understanding of how signals from the microenvironment regulate progenitor 

multipotency.

Introduction

Hematopoiesis, the life-long production of blood cells from multipotent progenitors, is 

tightly regulated by intrinsic factors and extrinsic signals from the surrounding 

microenvironment. A greater appreciation of the mechanisms that control progenitor choice 

between multipotency and differentiation will increase our understanding of tissue 

homeostasis and regeneration and how dysregulation of these processes leads to disease.

Drosophila melanogaster has emerged as a powerful model system to investigate 

mechanisms that drive hematopoietic progenitor choice in vivo because key aspects of 

hematopoiesis are conserved across taxa1–7 Drosophila has a rudimentary blood system, 

with three blood cells that develop from a common progenitor and carry out functions 

associated with the vertebrate myeloid lineages8–18. Plasmatocytes are operational 

macrophages; crystal cells are named for their crystalline inclusion bodies; and lamellocytes, 

which are rarely observed under steady-state conditions, differentiate in response to wasp 

parasitization and other forms of stress including increased levels of reactive oxygen species 

(ROS) and nutritional depravation18–39. Moreover, the common hematopoietic progenitor or 

prohemocyte shares key characteristics with mammalian hematopoietic progenitors 

including quiescence, multipotency and niche-dependence18,25,40,40–65. Similar to 

vertebrates, Drosophila hematopoiesis occurs at multiple sites throughout the life cycle of 

the organism. During the larval stage, there are two hematopoietic sites: hematopoietic hubs 

located along the lateral side of the animal beneath the cuticle; and the lymph gland, a 

bilateral organ that flanks the insect heart15,18,22,28,30,32,40,41,44,50,65–76.

The lymph gland consists of a pair of primary lobes followed by a series of secondary lobes. 

The primary lobes are divided into three well defined regions or zones. Prohemocytes reside 

in the inner region, known as the medullary zone (MZ). Differentiating cells are located at 

the periphery in the cortical zone (CZ). At the base of the primary lobe is the Posterior 

Signaling Center (PSC), a small group of cells which produce a variety of signals that 

control blood cell differentiation in the MZ and CZ40,41,50. This zonal arrangement enables 

one to determinate the origin of regulators that control hematopoiesis and assess how the 

interaction between prohemocytes, differentiating cells and the microenvironment control 

prohemocyte choice between multipotency and differentiation20,40–42,50,59,60,63,64,77,78. The 

PSC has been shown to be essential for lamellocyte differentiation in response to wasp 

parasitization 21,43,79. Additionally, the PSC was thought to function as a stem cell niche that 

maintains the population of undifferentiated prohemocytes during steady-state 

conditions24,40,41,64,80,81.

Earlier work suggested that Hedgehog (Hh) signaling from the PSC was one of the pathways 

required to maintain the prohemocyte population 8,41,45,48,63,64,78,82. Hh signaling is a 

conserved pathway that regulates cell proliferation, migration and differentiation during 

development and organ formation across taxa. The pathway is activated when the Hh ligand 
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binds to the transmembrane receptor, Patched (Ptc). This suppresses Ptc activity, which 

activates the G-protein-like receptor, Smoothened (Smo). In Drosophila, activated Smo 

inhibits the proteolysis of Cubitus interruptus (Ci), the Drosophila homolog of the 

mammalian Gli proteins, and full length Ci translocates to the nucleus to regulate gene 

expression83–85

More recently the role of the PSC as a stem cell niche operating through various signaling 

components has been called into question by work showing that genetic ablation of the PSC 

had no effect on prohemocyte number43. On the other hand, the results from this and another 

study demonstrated that Early B-cell Factor, Collier (Col) is an intrinsic prohemocyte factor 

that is required to maintain prohemocytes in a multipotent state43,58. These studies suggest 

that prohemocyte maintenance is controlled by intrinsic regulators that act independently of 

the PSC. We previously identified another factor that maintains prohemocyte multipotency, 

the Friend of GATA (FOG) homolog, U-shaped (Ush)86. In this study, we show that Ush acts 

as an intrinsic prohemocyte regulator. FOG proteins bind GATA factors to activate or repress 

GATA transcriptional activity. GATA:FOG complexes are master regulators that control the 

differentiation of selected blood cell types across taxa87–97.

To identify additional novel regulators that interface with Ush to control hematopoiesis, we 

conducted an in vivo screen for genes that genetically interact with ush. Using this approach, 

we identified Smo as a factor that acts with Ush to block lamellocyte differentiation. Here 

we report our studies that characterized the relationship between Smo and Ush. In the 

process, we demonstrated that the PSC and Hh signaling are required for Ush expression, 

thereby linking this important intrinsic prohemocyte regulator to extrinsic signals from the 

PSC. Furthermore, using four different prohemocyte markers (Odd-skipped, E-cadherin, 

DomeMESO and Collier), we also provide compelling evidence for the notion that the PSC 

and Hh signaling are required to maintain a subpopulation of prohemocytes during steady-

state hematopoiesis. We showed that loss of Hh signaling or PSC ablation results in a 

significant reduction in prohemocytes marked with Odd-skipped (Odd), E-cadherin or 

DomeMESO, but not those marked with Collier (Col). Importantly, we showed that the Col-

positive population is also Oddpositive, whereas the Odd-positive population consists of 

both Col-positive and Col-negative cells. Furthermore, the Odd-postive/Col-negative cells 

appeared to be largely PSC-dependent, while Col-positive cells appeared to be largely PSC-

independent. However, PSC ablation also produced a small population of Col-positive cells 

with substantially reduced levels of Odd expression; a cell type that was not observed in 

control lymph glands. This suggests that the PSC maintains optimal levels of Odd 

expression in a subpopulation of Col-positive prohemocytes. Thus, our findings support the 

notion that the PSC functions as a hematopoietic niche during steady-state hematopoiesis. 

Overall, we have identified a connection between a conserved hematopoietic master 

regulator and a putative stem cell niche, which adds to our understanding of how signals 

from the microenvironment regulate progenitor multipotency.

Baldeosingh et al. Page 3

Dev Biol. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials and Methods

Fly strains

The w1118 strain served as the control stock for these studies. The following strains were 

generous gifts from colleagues: Tep4-Gal4, hhF4f;Antp-Gal4/TM6B Tb , Col-Gal4/CyO 
GFP, hhF4f-GFP; Pcol85/CyO GFP and MSNF9mo-DsRed (MSN-C) from T. Tokusumi and 

R. A. Schulz (University of Notre Dame); UAS-GFP;DomeMESO-GFP,Antp-Gal4,/TM6B 
Tb from S. Govind (City College of New York); Domeless-Gal4 from M. Crozatier 

(University Paul Sabatier); w p{w+, Dome-MESO}BN1 from M. P. Zeidler (University of 

Sheffield) and J. C. Hombria (Universidad Pablo de Olavide); UAS-hh from Xiaoyan Zheng 

(The George Washington University). The following strains were obtained from the 

Bloomington Stock Center: smo3 b1 pr1/CyO, w*;P{UAS-smo.5A}2, w1118; P{UAS-
rpr.C}14 , y1 v1; P{ TRiP.JF01804} (UAS-hhRNAi), y1 v1; P{ TRiP.JF01715} (UAS-ciRNAi), 
w*; P{ UAS-GFP-ptc.WT}2, w*; P{ UAS-GFP-ptc.WT}3, the 2L Deficiency Kit (DK2L) 

and y1 sc* v1; P{ TRiP.HMS00492}/TM3, Sb1 (UAS-hhRNAi), which was the alternate 

strain used in these studies to confirm the results obtained with UAS-hhRNAi. UAS-u-
shapedRNAi transformant number 104102 was obtained from the Vienna Drosophila RNAi 

Center. The following stocks have been previously described: y w67c23; ushvx22/CyO y+, y 
w67c23; ushR24/CyO y+, y w67c23; UAS-ush 86,98. The yw; ushvx22, MSN-C/CyO y+ was 

created using standard recombination procedures.

Screen for factors that genetically interact with ush

The yw; ushvx22, MSN-C/CyO y+ stock enabled us to rapidly screen for genes that 

genetically interact with ush to block lamellocyte differentiation. The MSN-C lamellocyte 

marker99 was used to identify larvae with an increase in circulating lamellocytes using 

fluorescence microscopy. MSN-C is also constitutively active in larval muscle and serves as 

a marker for larvae that carry the ushvx22, MSN-C chromosome. The yw; ushvx22, MSN-
C/CyO y+ stock was crossed to each of the 100 large multi-gene deficiencies that map to 

Chromosome 2L, which produced ush/Df(2L) trans-heterozygotes. However, we could not 

score the deficiency that uncovers ush, as ush homozygotes are embryonic lethal and ush 
maps to between 21D1 and 21E2 on chromosome 2L. Scoring was carried out on late third-

instar wandering larvae, which were cultured at 23°C. Larvae were placed on a slide with a 

drop of PBS and observed under fluorescent microscopy using a Zeiss Axioplan microscope.

Gene expression analyses

Gene expression analyses were conducted using lymph glands from mid-third instar larvae 

(collected 96 to 114 hours after egg laying). As indicated in specific experiments, gene 

expression analyses were also conducted using lymph glands from late-third instar larvae 

(collected 120 to 144 hours after egg laying). All control and experimental samples were 

age-matched and cultured on standard media at 23°C. The UAS/Gal4 binary system100 was 

used to express transgenes in a tissue-restricted manner and in these experiments, larvae 

were shifted to 25°C 48 hours after egg laying. Where possible, for each UAS/Gal4 

combination we tested two independent PSC or MZ drivers to show that knockdown or over 

expression of the transgene in question produced the same phenotype. However, with UAS-
ush or UAS-rpr only the Col-Gal4 driver was used to express PSC because Antp-Gal4 driven 
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ush or rpr animals die before gene expression can be assessed. Likewise, the Dome-Gal4 
driven UAS-smoDN animals die before hematopoiesis can be assessed, so the Tep-Gal4 
driver was used to express UAS-smoDN in the MZ. Controls for these experiments included 

the Gal4 drivers crossed to w1118 mates. Variability across experiments was inevitable, 

including lymph gland size, due to the fact that these studies were conducted over a 

considerable period of time by different co-authors. Thus, each experiment was run with an 

age matched control and we sampled at least 18 primary lymph gland lobes consisting of at 

least 9 control and 9 experimental samples.

Immunofluorescence

The dissection and fixation of larval lymph glands were performed as previously described 
86. Rabbit anti-Odd was a generous gift from J. Skeath (Washington University School of 

Medicine)101, and used at a 1:4,000 dilution. Mouse anti-Nimrod (PI) and mouse anti-Attila 

(LI)12 were generous gifts from I. Ando (Biological Research Center of the Hungarian 

Academy of Sciences) and used at a 1:50 dilution. Rabbit anti-prophenoloxidase A1 (anti-

ProPO) was a generous gift from F. C. Kafatos (EMBL)102 and used at a 1:100 dilution. 

Mouse anti-Collier (Col) antibody was a generous gift from M. Crozatier (University Paul 

Sabatier)24 and was used at a 1:150 dilution. Rabbit anti-U-shaped was used at a 1:4,000 

dilution86. Note, we occasionally observed reduced expression in some MZ cells compared 

to presumptive CZ cells. This could reflect downregulation of Ush to permit MZ cell 

differentiation, or alternatively, cases where the antibody did not fully penetrate the 

compacted cellular arrangement of the MZ.

Mouse anti-β-galactosidase was obtained from Promega and used at a 1:2,000 dilution. 

Rabbit anti-GFP was obtained from Invitrogen and used at a 1:4,000 dilution. Rat anti-E-

cadherin and mouse anti-Smo, anti-Antennapedia (Antp), and anti-GFP, were obtained from 

the Developmental Studies Hybridoma Bank and used at a concentration of 10 pg/ml. 

Alexafluor-555, or −488-conjugated secondary antibodies directed against rabbit, rat or 

mouse (Invitrogen) were used at a 1:2,000 dilution.

Fluorescence was captured, analyzed and recorded using Olympus confocal microscopy or 

Zeiss Axioplan optics. Different biological endpoints were measured including 

densitometric mean values, the percentage of specific cell types (percentage marker-positive 

cells) and the area comprising the MZ marker expression domain. Densitometric mean 

values were measured to determine whether the expression level of the protein in question 

was significantly different in response to an altered genotype. The percentage of marker-

positive cells was measured to determine whether the number of a specific cell type was 

significantly increased or decreased by an altered genotype. The area comprising the MZ 

was measured to determine if a specific MZ marker expression domain changed in response 

to an altered genotype. This latter method was used primarily in cases where counting the 

number of MZ marker–positive cells is not feasible, such as E-cadherin positive cells. The 

relative expression was determined from the densitometric mean values calculated for 

fluorescent antibody staining using Zeiss Axiovision or ImageJ software as previously 

described 47,103,104. The size of the MZ zone was determined by measuring the area of Odd- 

or E-cadherin-expressing cells and statistical significance was evaluated using the Student’s 
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t-test. Blood cell counts were determined using ImageJ and the percentage was determined 

by dividing the number of cells expressing a particular protein and by the number of 

Dapiexpressing nuclei. The statistical significance was evaluated using the Student’s t-test. 

In our hands, control lymph glands have an average of 1 lamellocyte per lymph gland lobe. 

However, lamellocytes can form large aggregates making it difficult to obtain accurate cell 

counts. For this reason, we scored primary lymph gland lobes positive for increased 

lamellocyte differentiation when aggregates were greater than 300 μm2 or more than 5 

individual lamellocytes were visible, as previously described 47 When comparing 2 samples, 

statistical significance was evaluated using increased differentiation as a categorical variable 

for experimental and control samples in 2×2 contingency tables and P values were calculated 

using Fisher’s Exact test. When comparing 3 samples, 2×3 contingency tables were used and 

P values were calculated using Chi-square test.

Results

Smo maintains Ush protein expression and genetically interacts with ush to block 
lamellocyte differentiation

A number of GATA:FOG co-regulators have been identified; however, the intrinsic and 

extrinsic signaling networks that interact with GATA:FOG complexes to control 

hematopoiesis are largely unknown105. To begin to identify novel intrinsic and extrinsic 

FOG interacting factors, we conducted an in vivo screen for genes that genetically interact 

with the Drosophila FOG homolog, ush, to block lamellocyte differentiation. To accomplish 

this goal, we constructed theyw; ushvx22, MSN-C/CyO y+ stock. MSN-C is a marker for 

lamellocytes99, which was used to rapidly identify larvae with an increase in circulating 

lamellocytes. The screen was conducted by crossing the yw; ushvx22, MSN-C/CyO y+ stock 

to each of the 100 large multi-gene deficiencies that map to Chromosome 2L, producing 

ush/Df(2L) trans-heterozygotes. However, we could not score the deficiency that uncovers 

ush, as ush homozygotes are embryonic lethal and ush maps to between 21D1 and 21E2 on 

chromosome 2L. In our hands, increased lamellocyte differentiation in ush hypomorphic 

(ushvx22/r24) populations ranges from 70% to 100% penetrance (Gao and Fossett 

unpublished). To minimize false positives, we a priori set a minimum 40% penetrance level 

for lamellocyte differentiation in trans-heterozygotes. While this is less than that observed 

for ush hypomorphs, it was significantly greater than the 6.7% (2 out of 30) observed for 

negative controls.

Of the 100 deficiencies tested, 21 scored positive in the first pass. We re-tested 9 and 

confirmed that these genetically interact with ush to block lamellocyte differentiation 

(Baldeosingh and Fossett, unpublished observations). We then tested individual genes that 

map to the 9 positive deficiencies. One of the deficiencies (Df(2L)ED19) uncovered the gene 

that encodes Smo. We then showed that smo genetically interacts with ush to block 

lamellocyte differentiation in the lymph gland. This was accomplished by demonstrating that 

ush/smo double heterozygotes exhibited a significant increase in the number of lymph gland 

lobes with increased lamellocyte differentiation compared to animals that were singularly 

heterozygous for either ush or smo (Figure 1, A–D).
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Next, we conducted epistatic analyses to determine the relationship between Smo and Ush 

during hematopoiesis. Previous work by Tokusumi et al. showed that Ush acts with the 

GATA factor, Serpent (Srp) to repress Hh expression63. Given that Smo is a downstream 

effector of Hh signaling, we first tested the possibility that Ush also regulates Smo 

expression. However, loss of Ush function had no effect on the level of Smo expression 

(Figure 1, E–G). We then tested if Smo regulated Ush expression. Using the Tep-Gal4 driver 

to express a dominant negative form of Smo (SmoDN) in prohemocytes, we showed that loss 

of Smo function resulted in a statistically significant reduction in Ush expression levels 

(Figure 1, H–J). Thus, Smo is required for Ush expression, however Ush is not required for 

Smo expression.

Hh signaling maintains Ush expression levels

Previous studies have suggested that Hh signaling from the PSC maintains prohemocytes 
41,63.

However, the results of two recent studies have indicated that the prohemocyte population is 

not regulated by Hh signaling 43,58, and indeed, does not require any information from the 

PSC, as ablation of these cells has no effect on the number of DomeMESO-positive or Col-

positive prohemocytes43. Ush is expressed in prohemocytes86 and these conflicting reports 

prompted us to ask if Smo regulates Ush expression through a non-canonical signaling 

pathway, or alternatively, if Ush expression is indeed maintained by Hh signaling from the 

PSC. To distinguish between these possibilities, we tested if altering the expression of 

several Hh signaling pathway members reduced Ush expression levels.

We observed that knockdown of Hh in the PSC resulted in a significant reduction in Ush 

expression levels (Figure 2 A,B,I). Knockdown of Hh was achieved using Antp-Gal4 to 

drive UAS-hhRNAi in the PSC. Ptc is a negative regulator of Hh signaling and Tep-Gal4 
driven over-expression of Ptc in prohemocytes also resulted in a significant reduction in the 

level of Ush expression (Figure 2 C,D,I). Ci is a downstream effector of Hh signaling. Using 

Tep-Gal4, we expressed UAS-ciRNAi in prohemocytes and observed that knockdown of Ci 

significantly reduced the level of Ush expression (Figure 2 E,F,I). We confirmed these 

results using additional UAS/Gal4 strains. We used another UAS-hhRNAi allele to 

knockdown Hh in the PSC. We also used alternate Gal4 drivers including Col-Gal4 and 

Dome-Gal4, to express UAS-transgenes in the PSC and MZ, respectively. Under these 

conditions we again showed that disruption of Hh signaling significantly reduced Ush 

expression (Supplementary Figure 1).

hh gene expression in the PSC is upregulated by Srp 63. In contrast, Ush is not expressed in 

the PSC50,86 and mis-expressing Ush in this tissue blocks hh enhancer activity63, 

presumably by binding Srp and converting it from an activator to a repressor. We confirmed 

that mis-expressing Ush blocks hh enhancer activity, but does not reduce the number of PSC 

cells (Supplementary Figure 2). Furthermore, we also showed that mis-expressing Ush in the 

PSC significantly reduced endogenous Ush expression (Figure 2 G,H,I). These results are 

consistent with the hypothesis that loss of canonical Hh signaling results in loss of Ush 

expression. Moreover, we consistently observed that disruption of Hh signaling in either the 

PSC or MZ resulted in a significant reduction in Ush expression throughout the lymph 
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gland, including in the CZ (Figures 1 and 2 and Supplementary Figure 2). Perhaps 

precocious activation of the differentiation pathway sets up a reinforcing feedback loop that 

further represses Ush expression in both the MZ and the differentiating cells of the CZ. In 

support of this hypothesis, we have previously shown that Ush expression is downregulated 

in a subset of plasmatocytes, crystal cells and lamellocytes86.

Hh signaling is required to block hemocyte differentiation

The observation that Hh signaling maintains Ush expression is in line with previous studies 

showing that loss of either ush expression or Hh signaling results in increased numbers of 

crystal cells and plasmatocytes41,58,63,86. Previous studies achieved loss of Hh signaling 

using either a hh temperature sensitive (ts) allele or by knocking down the hh gene activator, 

Srp, in the PSC 41,58,63. Thus, knockdown of Hh in the PSC using Antp-Gal4 to express 

UAS-hhRNAi should phenocopy the results obtained with the hh ts allele and Srp 

knockdown, that is increased numbers of plasmatocytes and crystal cells. Indeed, we 

observed that lymph glands with Antp-Gal4 driven UAS-hhRNAi had a statistically 

significant increase in the numbers of crystal cells (Figure 3 A–C) and plasmatocytes 

(Figure 3 E–F) compared to controls. Together, these studies indicate that Hh signals from 

the PSC limit the differentiation of crystal cells and plasmatocytes.

Ush is required to block lamellocyte differentiation 86,106. Furthermore, our new findings 

show that ush genetically interacts with smo to block lamellocyte differentiation. These 

observations suggested that Hh signaling blocks lamellocyte differentiation. To test this 

hypothesis, we disrupted Hh signaling by mis-expressing Ush in the PSC. Under these 

conditions, we observed a significant increase in the number of lymph gland lobes with 

increased lamellocyte differentiation (Figure 3 G,H,J). Furthermore, co-expressing Hh and 

Ush in the PSC rescued the Ush mis-expression phenotype, significantly reducing the 

number of lymph gland lobes exhibiting lamellocyte differentiation compared to mis-

expressing Ush alone (Figure 3 G–J). Collectively, these data provide strong support for the 

hypothesis that Hh signaling blocks lamellocyte differentiation, which is also consistent with 

a previous study that showed loss of Smo function in the MZ also increased the number of 

lamellocytes107.

Ush functions in the MZ to maintain Odd-positive and E-cadherin-positive prohemocytes

Previous studies have identified Odd and E-cadherin as prohemocyte markers50,103,104. Our 

work has shown that over-expressing Ush in the MZ increased the number of Odd-positive 

prohemocytes, whereas systemic loss of Ush function results in the loss of Odd-positive 

prohemoctyes and a significant reduction in the E-cadherin expression domain47,86,103,104. 

Collectively, these observations support the hypothesis that Ush functions in the MZ to 

maintain the prohemocyte population. To provide additional support for this hypothesis, we 

used the Tep-Gal4 driver to express UAS-ushRNAi in the MZ and observed a significant 

reduction in both the percentage of Odd-positive prohemocytes and the E-cadherin 

expression domain (Figure 4). We also used an alternate MZ-restricted driver, Dome-Gal4, 
to knockdown Ush and showed that under these conditions the percentage of Odd-positive 

prohemocytes was again significantly reduced (Supplementary Figure 3). Thus, these data 

show that Ush functions in the MZ to maintain a prohemocyte population.
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Hh signaling is required to maintain a subpopulation of prohemocytes

Given that Hh signaling is required to maintain Ush expression levels and that Ush functions 

in the MZ to maintain the Odd-positive prohemocyte pool, we then tested if Hh signaling is 

also required to maintain the Odd-positive prohemocyte population. Knockdown of Hh in 

the PSC using Antp-Gal4 driven UAS-hhRNAi resulted in a statistically significant reduction 

in the percentage of Odd-positive prohemocytes (Figure 5 A,B,G). This result was 

confirmed using the Col-Gal4 driver to express an alternate UAS-h1fNAl allele in the PSC 

(Supplementary Figure 4 A–C). Likewise, disrupting Hh signaling by mis-expressing Ush in 

the PSC significantly reduced the percentage of Odd-positive prohemocytes (Figure 5 

C,D,G). Knockdown of Ci in the MZ also significantly reduced the percentage of Odd–

positive prohemocytes (Figure 5 E–G). Moreover, the Odd expression domain was 

significantly reduced in lymph glands with Tep-Gal4 driving UAS-SmoDN compared to 

controls (Supplementary Figure 4 D–F). Thus, loss of canonical Hh signaling led to a 

significant reduction in Odd-positive prohemocytes.

Our findings that Hh signaling maintains Odd-positive prohemocytes is in contrast to a 

recent study showing that the PSC is not required to maintain prohemocytes marked with 

either DomeMESO or Col 43. We considered that the Odd-positive prohemocyte population 

may be distinct from that of the DomeMESO- and Col-positive population. To test this 

hypothesis, we first determined if Odd, DomeMESO, and Col are expressed in different 

prohemocyte populations. To compare the Odd and DomeMESO expression domains, we 

used two different fly strains carrying two different versions of the DomeMESO 

prohemocyte marker: 1) the cytoplasmic marker, DomeMESO-β-galactosidase 

(DomeMESO-βgal) and 2) the nuclear marker, DomeMESO-GFP. Lymph glands from each 

of these two strains were analyzed using immuno-fluorescence to determine if Odd was co-

expressed with β-gal and/or GFP. We observed that the Odd expression domain largely 

overlapped that of both DomeMESO reporters (Supplementary Figure 5 A-A’”, B-B”‘). 

However, we did observe a small number of cells with either predominately Odd expression 

(Oddhigh7DomeMES0low) or predominately DomeMESO expression (Oddlow/

DomeMESOHigh). Compare the insets from Supplementary Figure 5A” with A”‘ and 

Supplementary Figure 5 B”withB”’.

Next, we compared the Odd and Col expression domains by testing if Odd was co-expressed 

with Col in lymph glands from w1118 larve (Supplementary Figure 5 C-C’”). Co-localization 

studies showed that the Col-positive population was also Odd-positive, but the Odd-positive 

population was heterogeneous with both Col-positive and Col-negative cells. Indeed, all of 

the Col-positive cells appeared to express high levels of Odd (ColHigh/OddHigh); however, 

none of the Col-positive cells appeared to have low levels of Odd expresion (ColHigh/

Oddlow). On the other hand, Col expression was not detected in approximately 36% of the 

Odd-positive cells (Colneg/OddHigh). Compare the insets from Supplementary Figure 5C’, 

C” and C”\ Thus, the Odd-positive population includes a majority (−64%) of Col-positive 

cells (ColHigh/OddHigh) with a considerable minority (−36%) of Col-negative cells 

(Colneg/OddHigh). Furthermore, approximately 30% of the Colneg/OddHigh minority (−11% 

of the total Odd-positive population) was located in a region that may include the CZ or 

perhaps the border region between the MZ and CZ. Compare the panels from Supplementary 
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Figure 5 C’, C” and C”’ Overall, the results from these co-localization analyses are 

consistent with an earlier study that demonstrated heterogeneity within the prohemocyte 

population108.

We then tested the effect of loss of Hh signaling on the population of DomeMESO-positive 

and Col-positive cells. When we knocked down Hh in the PSC using Antp-Gal4 {UAS-
GFP;DomeMESO-GFP,Antp-Gal4) to drive UAS-hhRNAi, we observed a significant 

reduction in the number of DomeMESO-GFP expressing cells (Figure 5, H–J). We also 

observed GFP expression in the PSC, which resulted from Antp-Gal4 driving UAS-GFP in 

addition to lIAS-hhRXAl. We confirmed that DomeMESO positive cells were maintained by 

Hh signaling by showing that when Col-Gal4 was used to drive an alternate UAS-hhRNAi 

construct in the PSC, βgal expression was significantly reduced (Supplementary Figure 4 G–

I). We also disrupted Hh signaling by over-expressing Ush in the PSC and observed that the 

level of DomeMESO-βgal was significantly reduced (Figure 5 K–M). Conversely, knock 

down of Hh did not reduce the number of Col-positive cells (Figure 5 N–P), which is 

consistent with previous findings that show Hh signaling from the PSC is not required to 

maintain the Col-positive prohemocyte population43,58. Collectively, these results suggest 

that Hh signaling is required to maintain Odd-positive and DomeMESO-positive 

prohemocytes, but not Col-positive prohemocytes.

The PSC is required to maintain a subpopulation of prohemocytes

Previous studies have shown that ablation of the PSC has no effect on Col-positive 

prohemocytes43. Consistent with this observation, our current studies and those from another 

laboratory58 show that loss of Hh signaling from the PSC has no effect on the Col-positive 

prohemocyte population. In contrast, here we showed that Odd-positive and DomeMESO-

positive prohemocytes are reduced when Hh signaling is disrupted. Together, these 

observations suggest that the MZ contains both PSC-dependent and PSC-independent 

prohemocytes. To test this hypothesis, we determined if ablating the PSC would alter the 

expression of Ush and the prohemocyte markers, Odd, E-cadherin, DomeMESO and Col. 

We used Col-Gal4 driven UAS-reaper (rpr) to ablate the PSC according to the method of 

Benmimoun et al. 43. This resulted in a complete loss of Antp marked PSC cells 

(Supplementary Figure 6) confirming that the PSC was indeed ablated. Under these 

conditions, we observed that Ush expression was significantly reduced (Figure 6 A–C). 

Likewise, the number of Odd-positive cells and the E-cadherin expression domain was also 

significantly reduced (Figure 6 D–I). We also observed a significant reduction in 

DomeMESO-positive cells in lymph glands with the PSC ablated (Figure 6 J–L). 

Conversely, PSC ablation did not significantly reduce the percentage of Col-positive 

prohemocytes, consistent with the results reported by Benmimoun et al. 43. Collectively, our 

findings support the hypothesis that the MZ contains both PSC-dependent and PSC-

independent prohemocytes.

Our new data indicate that the PSC is required to maintain the full complement of Odd-

positive, but not Col-positive, prohemocytes. Given that the Odd-positive population 

includes both Col-positive and Col-negative prohemocytes (Figure 7 A-A”’; Supplementary 

Figure 5C-C’”), we asked whether the population of ColHigh/OddHigh prohemocytes was 
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PSC-independent, while the Colneg/OddHigh population was PSC-dependent. To address this 

question, we assayed for Odd and Col co-expression in lymph glands with PSC ablation. 

Under these conditions, we again observed a statistically significant reduction in the 

percentage of Odd-positive cells, but no significant change in the percentage of Col-positive 

cells (Figure 7). Furthermore, the number of Odd-positive cells that remained after PSC 

ablation was not statistically different from the number of Col-positive cells in either control 

or PSC ablated lymph glands (Figure 7C). These data suggest that PSC ablation reduces the 

number of Colneg/OddHigh positive prohemocytes, whereas Col-positive prohemocytes are 

resistant to the effects of PSC ablation. This supports the hypothesis that Colneg/OddHigh 

prohemocytes are largely PSC-dependent, while Col-positive prohemocytes appeared to be 

largely PSC-independent. However, some of the Col-positive cells exhibited substantially 

reduced levels of Odd expression (ColHigh/Oddlow; compare insets in Figure 7 B’-B”’) in 

PSC ablated lymph glands. This ColHigh/Oddlow cell type was not observed in either w1118 

or Col-Gal4/+ controls (Figure 7 A’-A’”; Supplementary Figure 5C’-C’”). This suggests that 

the PSC maintains optimal levels of Odd expression in a subset of Col-positive 

prohemocytes. We observed that Odd was also co-expressed with Col in the PSC (Figure 7 

A-A’). However, the level of Odd expression appears to be similar in the MZ and PSC, 

whereas Col expression is clearly greater in the PSC than in the MZ.

Discussion

The original hypothesis that the PSC functions as a niche from which multiple pathways, 

including Hh, signal to the MZ to maintain prohemocytes in multipotent state was based on 

evaluating the hematopoietic function of Col 41. Col is expressed in the PSC and systemic 

loss of Col function resulted in loss of the prohemocyte population 41. However, more recent 

work has shown that Col also functions in MZ and loss of Col in this zone, rather than in the 

PSC, leads to loss of prohemocytes 43,58. The role of the PSC in maintaining prohemocyte 

multipotency was further challenged by work showing that genetic ablation of the PSC had 

no effect on prohemocyte number 43. This also cast doubt on whether Hh, or any other 

signaling pathway that originates from the PSC, maintains the prohemocyte population. 

Furthermore, the conclusion that Hh signaling maintains the prohemocyte population was 

based on studies showing that loss of Hh signaling led to increased numbers of terminally 

differentiated plasmatocytes and crystal cells rather than direct assessment of prohemocyte 

marker expression41. Loss of Hh signaling does lead to a reduction in the MZ marker, Ptc63. 

However, the ptc gene is upregulated by Hh signaling109, leaving unanswered the question 

of whether Hh signaling maintains the prohemocyte population.

Our new findings provide compelling evidence that the PSC and Hh signaling are required to 

maintain a subpopulation of prohemocytes during steady-state hematopoiesis. In this study, 

we directly assessed the prohemocyte population using four different prohemocyte markers, 

Odd, E-cadherin, DomeMESO and Col. We showed that loss of Hh signaling or PSC 

ablation results in a significant reduction in prohemocytes marked with Odd and 

DomeMESO and a significant reduction in the level of DomeMESO and E-cadherin 

expression. However, consistent with previously published work, we did not see a 

statistically significant reduction in the number of Col-expressing cells under either 

condition43,58. Importantly, we showed that the Odd-positive prohemocyte population 
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consists of both Col-positive (Colhigh/Oddhigh) and Col-negative (Colneg/Oddhigh) cells. 

Furthermore, Colneg/Oddhigh cells appear to be largely PSC-dependent, while Colhigh/

Oddhigh prohemocytes appear to be largely PSC-independent. Nevertheless, PSC ablation 

also produced some Col-positive cells with substantially reduced levels of Odd expression 

(Colhigh/Oddlow); a cell type not observed in control lymph glands. This suggests that the 

PSC maintains optimal levels of Odd expression in some of the Col-positive prohemocytes. 

Furthermore, the possibility remains that loss of the PSC can affect the transcriptome in a 

subpopulation of Col-positive prohemocytes by reducing the expression level of the 

transcription factor, Odd. Overall, our findings support the notion that the PSC functions as a 

hematopoietic niche during steady-state hematopoiesis.

We speculate that PSC-dependent and PSC-independent prohemocytes might fill two 

different roles during hematopoiesis. Col-positive, PSC-independent prohemocytes may be 

resistant to extrinsic signals and regulated primarily by intrinsic signals. This strategy would 

maintain a pool of undifferentiated cells that are capable of self-renewal and are protected 

against progenitor exhaustion during steady state hematopoiesis. On the other hand, PSC-

dependent prohemocytes would be extrinsically regulated and poised to respond to normal 

differentiation signals. These new findings may serve as a foundation for studies designed to 

delve deeper into the underlying mechanisms by which prohemocytes are maintained in a 

multipotent state. Ultimately, such studies may provide insights into how human 

hematopoietic stem cells (HSCs) can be generated and maintained indefinitely ex vivo. In 

this regard, recent reports showed that ex vivo reprogramming of mammalian tissues 

requires as yet uncharacterized extracellular cues in order to obtain fully functional 

HSCs110–112.

A recent report demonstrated that Dpp signaling from the PSC is required during the early 

first instar to maintain a transient Notch-positive prohemocyte precursor. Loss of Dpp 

signaling during the first larval instar reduced the number of prohemocyte precursors, 

leading to a dramatic reduction in lymph gland size by the third larval instar45. In contrast, 

the method of Benmimoun et al. achieves maximum PSC ablation later in development, 

during the second larval instar43. Under these conditions, PSC ablation did not affect the size 

of the third instar lymph gland. This supports the hypothesis of Dey et al.45, which states 

that Dpp signaling from the PSC is required in first larval instar to maintain Notch-positive 

prohemocyte precursors; however, Dpp is dispensable for lymph gland growth from the 

second larval instar onward. Furthermore, loss of Dpp did not alter the relative number of 

CZ and MZ cells45. Thus, Dpp controls early precursor cell number but does not regulate 

cell fate. In contrast, we showed that Hh is required to maintain MZ Odd-positive 

prohemocytes and limit CZ cells, including plasmatocytes, crystal cells and lamellocytes. 

Thus, Hh signaling promotes prohemocyte multipotency while limiting differentiation. This 

is reminiscent of the role of aberrant Hh signaling in hematopoietic malignancies. In this 

case, Hh signaling from adjacent stromal or tumor cells are thought to maintain cancer stem 

cells by upregulating pluripotency factors113.

Our findings show that DomeMESO-positive prohemocytes were reduced in response to 

disrupted Hh signaling or PSC ablation, which is in contrast to previous reports43,58. 

Nevertheless, our results and conclusions are supported by the following aspects of our 
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experimental approach. First, we obtained the same results using two different DomeMESO 

strains and with multiple methods designed to disrupt Hh signaling, including PSC ablation. 

Additionally, our methods are comparable to the ones used in those previous studies43,58 

given that we, like they, observed that the number of Col-positive cells were unchanged in 

response to Hh disruption or PSC ablation. While we have no explanation for the differences 

obtained with the DomeMESO marker across laboratories, we have no doubt that continued 

characterization of the lymph gland system will uncover the reasons for these inter-lab 

differences, which may be of considerable importance in understanding the mechanism of 

progenitor multipotency.

Notably, there is a paucity of information about how extrinsic signaling pathways interface 

with GATA:FOG complexes during mammalian hematopoiesis105. However, studies in 

Drosophila have identified new interactions between signaling pathways and the GATA:FOG 

(Srp:Ush) complex. For example, a previous study showed that Ush acts with Srp to block 

hh gene expression63. This finding, coupled with our new data, points to a potential negative 

feedback loop in which Hh signaling from the PSC upregulates Ush in the MZ, which then 

binds Srp to limit hh expression. Notably, abnormal Hh signaling promotes tumor 

development and hematological malignancies 83,114 and Hh pathway members, such as Smo, 

have become anti-neoplastic therapeutic targets. In contrast, GATA transcription factors are 

typically poor drug targets115. Thus, disorders driven by interactions between GATA and Hh 

signaling could potentially be treated by targeting Hh pathway members, such as Smo. 

Considering that PSC ablation also leads to loss of Ush expression, the possibility remains 

that additional extrinsic signaling pathways also regulate Ush expression. For example, we 

recently showed that over–expression of the NFKB homolog, Dorsal, in the PSC reduced Ush 

expression in the MZ and CZ 47. Thus, our in vivo screen that identified Smo, and by 

extension Hh signaling, as Ush regulators may identify additional conserved signaling 

pathways that interface with GATA:FOG complexes to control mammalian hematopoiesis.

In conclusion, our findings support the original hypothesis that the PSC functions as a 

hematopoietic niche 40,41, thereby affirming the use of this larval signaling tissue as a tool to 

investigate the mechanisms by which the microenvironment maintains progenitors in a 

multipotent state. Notably, we have delineated PSC-dependent and PSC-independent 

subpopulations of prohemocytes. Further characterization of these functional subpopulations 

may increase our knowledge of how hematopoietic progenitors can be regulated by either 

intrinsic or extrinsic mechanisms. Toward this goal, our findings describe a connection 

between a major a signal transduction pathway and a hematopoietic master regulator that 

maintains a prohemocyte subpopulation, illustrating how extrinsic signals interface with the 

intrinsic progenitor regulatory machinery to regulate hematopoiesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• The PSC and Hedgehog signaling are required for U-shaped expression

• The progenitor population contains PSC-dependent and PSC-independent 

prohemocytes

• Hedgehog signaling blocks lamellocyte differentiation

• Revealed a link between intrinsic progenitor regulation and the extrinsic niche
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Figure 1. Smo acts with Ush to block lamellocyte differentiation and is required to maintain Ush 
expression levels.
(A–D) Smo acts with Ush to block lamellocyte (lm) differentiation. Lymph glands from (C) 

ush/smo double heterozgyotes had significantly increased numbers of lymph gland lobes 

with lamellocyte differentiation compared to either (A) smo heterozygotes or (B) ush 
heterozygotes. Lamellocytes were detected using the MSN-C reporter and are marked with 

arrows. (D) Histogram showing the results of the statistical analyses. Chi-square test; P 

value is as shown; smo (n=214); ush and ush/smo (n= 26). (E–G) Loss of Ush function has 

no effect on Smo expression. Smo expression in (F) ushvx22/r24 {ush hypomorphs) was 

assessed and compared to (E) wild-type controls (+). (G) Histogram showing the results of 

the statistical analyses. Student’s t-test; error bars show standard deviation; P values are as 

shown; control and ush hypomorphs (n = 15). (H–J) Loss of Smo function (SmoDN) 

significantly reduced Ush levels compared to controls (+). Tep-Gal4 females were crossed to 

control (+) males or males that carry UAS-smoDN. (J) Histogram showing the results of the 

statistical analyses. Student’s t-test; error bars show standard deviation; P values are as 

shown; control and SmoDN (n=18). White dotted lines delineate the entire lymph gland. 
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Scale bars: panels A–C, 100 pm; remaining panels, 50 μm. Panels A–D, late-third instar 

larvae; panels E–J, mid-third instar larvae.
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Figure 2. Hedgehog signaling maintains Ush expression.
Hh signaling was disrupted by (A,B) knocking down Hh expression in the PSC 

(Antp>HhRNAi), (C,D) over-expressing Ptc in the MZ (Tep>PtcGOF), (E,F) knocking down 

Ci in the MZ (Tep>CiRNAi) or (G,H) mis-expressing Ush in the PSC (Col>UshGOF). This 

resulted in a significant reduction in Ush expression levels. Arrow marks ectopically 

expressed Ush in the PSC. (I) Histogram showing that the level of Ush expression is 

significantly reduced in lymph glands with disrupted Hh signaling. Student’s t-test; error 

bars show standard deviation; P values are as shown; control and HhRNAi (n=20); control 

and PtcGOF (n=20); control and CiRNAi (n=24); control and UshGOF (n=22). White dotted 

lines delineate the entire lymph gland. Scale bars: 50 μm. Mid-third instar larvae.
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Figure 3. Hedgehog signaling blocks blood cell differentiation.
(A–F) Hh signaling was disrupted by using Antp-Gal44 to drive UAS-hhRNAi in the PSC. 

This resulted in a significant increase in the number of crystal cells and plasmatocytes in 

mid-third instar larvae. (A,B) Crystal cells are marked with ProPO (PPO) and (D,E) 

plasmatocytes are marked with PI. (C,F) Histograms showing the results of the statistical 

analyses. Student’s t-test; error bars show standard deviation; P values are as shown; (C) 

control and HhRNAi (n=10); (F) control and HhRNAi (n=12). (G–J) Col-Gal4 was used to 

express UAS-ush or co-express UAS-ush;UAS-hh in the PSC of later third instar larvae. 

(G,H) Mis-expressing Ush resulted in a significant increase in lamellocyte differentiation, 

(G–I) which was significantly repressed by co-expressing Ush and Hh. (G–I) Lamellocytes 

are marked with LI. (J) Histogram showing the results of the statistical analyses. Chi-square 
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test; P value is as shown; Col-Gal4/+ (n=14); Col>Ush (n= 15); Col>Ush;Hh (n=15). Lymph 

glands are counterstained with Dapi. Scale bars: 50 μm.
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Figure 4. Ush is required to maintain the number of Odd-positive prohemocytes and the level of 
E-cadherin expression.
Knockdown of Ush expression in the MZ (Tep>UshRNAi) significantly reduced (A–C) the 

percentage of Odd-positive prohemocytes and (D–F) the E-cadherin (Ecad) expression 

domain compared to controls. (C,F) Histograms showing the results of the statistical 

analyses. Student’s t-test; error bars show standard deviation; P values are as shown; (C) 

control and Ush knockdown (n=12); (F) control and Ush knockdown (n=10). Lymph glands 

are counterstained with Dapi. White dotted lines delineate the entire lymph gland; yellow 

dotted line delineates the Ecad-positive prohemocyte pool. Scale bars: 50 μm. Mid-third 

instar larvae.
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Figure 5. Hedgehog signaling maintains the Odd-positive and DomeMESO-positive but not Col-
positive prohemocyte population.
(A–G) Disrupted Hh signaling significantly reduced the percentage of Odd-positive 

prohemocytes compared to controls. Hh signaling was disrupted by (A–D) reducing Hh 

expression in the PSC (Antp>HhRNAi or Col>UshGOF) or (E,F) loss of Ci function in the 

MZ (Tep>CiRNAi). (H–J) Knockdown of Hh expression in the PSC resulted in a significant 

reduction in the number of DomeMESO-GFP expressing prohemocytes. (K–M) Disrupting 

Hh signaling by mis-expressing Ush in the PSC (Col>UshGOF) significantly reduced 

DomeMESO-βgal expression levels. (N–P) Knockdown of Hh expression in the PSC did not 

significantly reduce the number of Col-positive prohemocytes. (G,J,M,P) Histograms show 

the results of the statistical analyses. Student’s t-test; error bars show standard deviation; P 

values are as shown; (G) control and HhRNAi (n=11), control and UshGOF (n=10), control 

and CiRNAi (n=10); (J) control and HhRNAi (n=11); (M) control and UshGOF (n=12); (P) 

control and HhRNAi (n=11). Mid-third instar lymph glands are counterstained with Dapi. 

Scale bars: 50 μm.
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Figure 6. The PSC maintains a subpopulation of prohemocytes.
Ablation of the PSC (Col>Rpr) results in a significant reduction in (A–C) the level of Ush 

expression, (D–F) the percentage of Odd-positive prohemocytes, (G–I) the E-cadherin 

(Ecad) expression domain, (I–?) the percentage of DomeMESO-GFP-positive prohemocytes, 

but not (M–O) the percentage of Col-positive cells. (C,F,I,L,0) Histograms show the results 

of the statistical analyses. Student’s t-test; error bars show standard deviation; P values are 

as shown; (C) control and Rpr (n=16); (F) control and Rpr (n=10); (I) control and Rpr 

(n=16); (L) control and Rpr (n=12); (O) control and Rpr (n=10). (D,E,J,K,M,N) Lymph 

glands are counterstained with Dapi. White dotted lines delineate the entire lymph gland; 

yellow dotted line delineates the Ecad-positive prohemocyte pool. Scale bars: 50 μm. Mid-

third instar larvae.
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Figure 7. The PSC is required to maintain the complement of Odd-positive, but not Col-positive 
prohemocytes.
Ablation of the PSC (Col>Rpr) results in a significant reduction in the percentage of Odd-

positive prohemocytes, but not the percentage of Col-positive cells. (A-A’”) Controls and 

(B-B’”) Col>Rpr. A,A’,B,B’) Lymph glands showing Col and Odd expression, (A, A’) PSC 

marked with yellow arrows, (A,B) counterstained with Dapi, (A”,B”) lymph glands showing 

only Col expression, (A’”, B’”) lymph glands showing only Odd expression. (A’-A’”) Insets 

showing cells that express Odd but not Col, marked with arrow. (B’-B’”) Insets showing 

cells with predominantly Col expression but with reduced Odd expression, marked with 

arrow. (C) Histogram showing that Odd-positive prohemocytes are significantly reduced in 

response to PSC ablation; whereas Col-positive prohemocytes are not significantly reduced 

in response to PSC ablation. Black connecting lines compare percentage of Odd control and 
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experimental samples or Col control and experimental samples. Red connecting line 

compares percentage of Odd-positive cells in PSC ablated lymph glands with Col-positive 

cells in control lymph glands. Student’s t-test; error bars show standard deviation; P values 

are as shown; control and Rpr (n=10). White dotted lines delineate the entire lymph gland. 

Scale bars: 50 μm. Mid-third instar larvae.
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