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Abstract

The Drosophila melanogaster lymph gland is a haematopoietic organ1~3 in which pluripotent blood
cell progenitors proliferate and mature into differentiated haemocytes. Previous work? has defined
three domains, the medullary zone, the cortical zone and the posterior signalling centre (PSC), within
the developing third-instar lymph gland. The medullary zone is populated by a core of
undifferentiated, slowly cycling progenitor cells, whereas mature haemocytes comprising
plasmatocytes, crystal cells and lamellocytes are peripherally located in the cortical zone. The PSC
comprises a third region that was first defined as a small group of cells expressing the Notch ligand
Serrate®. Here we show that the PSC is specified early in the embryo by the homeotic gene
Antennapedia (Antp) and expresses the signalling molecule Hedgehog. In the absence of the PSC or
the Hedgehog signal, the precursor population of the medullary zone is lost because cells differentiate
prematurely. We conclude that the PSC functions as a haematopoietic niche that is essential for the
maintenance of blood cell precursors in Drosophila. Identification of this system allows the
opportunity for genetic manipulation and direct in vivo imaging of a haematopoietic niche interacting
with blood precursors.

The Drosophila lymph gland primordium is formed by the coalescence of three paired clusters
of cells that express Odd-skipped (Odd) and arise within segments T1-T3 (Fig. 1a) of the
embryonic cardiogenic mesoderm8. At developmental stages 11-12, mesodermal expression
of Antp is restricted to the T3 segment (Fig. 1b, c). A fraction of these Antp-expressing cells
will contribute to the formation of the dorsal vessel”:8, whereas the remainder, which also
express Odd, give rise to the PSC (Fig. 1d, ). By stages 13-16, the clusters coalesce and Antp
is observed in 56 cells at the posterior boundary of the lymph gland (Fig. 1d, €). The expression
of Antp is subsequently maintained in the PSC through the third larval instar (see Fig. 2a). The
embryonic stage 16 PSC can also be distinguished by Fasciclin Il expression (Fig. 1f, g) and
at stage 17 these are the only cells in the lymph gland that incorporate BrdU (Fig. 1h).

Previous studies have identified the transcription factor Collier (Col) as an essential component
regulating PSC function?. The gene for this protein is initially expressed in the entire embryonic
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lymph gland anlagen and by stage 16 is refined to the PSC. In col mutants, the PSC is initially
specified, but is entirely lost by the third larval instar. To address further the role of Antp and
Col in embryonic lymph gland development, we investigated the expression of each gene in
the loss-of-function mutant background of the other. We found that loss of col does not affect
embryonic Antp expression (Fig. 1i). In contrast, col expression is absent in the PSC of Antp
mutant embryos (Fig. 1j, K), establishing that Antp functions genetically upstream of Col in
the PSC.

In imaginal discs, the expression of Antp is related to that of the homeodomain cofactor
Homothorax (Hth)10. In the embryonic lymph gland, Hth is initially expressed ubiquitously
but is subsequently downregulated in PSC cells, which become Antp-positive (Fig. 1l). In
hth loss-of-function mutants, the lymph gland is largely missing (Fig. 1m), whereas
misexpression of hth causes loss of PSC and the size of the embryonic lymph gland remains
relatively normal (Fig. 1n). We conclude that a mutually exclusive functional relationship
exists between Antp and Hth in the lymph gland such that Antp specifies the PSC, whereas
Hth specifies the rest of the lymph gland tissue. Interestingly, knocking out the mouse
homologue of Hth, Meis1, eliminates definitive haematopoiesis!1:12. Meis1 is also required
for the leukaemic transformation of myeloid precursors overexpressing HoxB913,

Although lymph gland development is initiated in the embryo, the establishment of zones and
the majority of haemocyte maturation takes place in the third larval instar. At this stage, Antp
continues to be expressed in the wild-type PSC (Fig. 2a). To investigate how the loss of PSC
cells affects haematopoiesis, we first examined Antp expression in third instar col mutant
lymph glands. In this background, all Antp-positive PSC cells are missing (Fig. 2b), consistent
with the previously described role for col in PSC maintenance®. Overexpression of Antp within
the PSC increases the size of PSC from the usual 30-45 cells to 100-200 cells (Fig. 2¢). These
PSC cells are scattered over a larger volume, often forming two or three large cell clusters
rather than the single, dense population seen in wild type.

To determine the role of PSC in haematopoiesis, we investigated the expression pattern of
various markers in lymph glands of larvae of the above genotypes, which either lack a PSC or
have an enlarged PSC. The status of blood cell progenitors was directly assessed using the
medullary-zone-specific markers* ZCL2897, DE-cadherin (Shotgun) and domeless-gal4 (Fig.
2d-K"). In col mutant lymph glands, expression of these markers is absent or severely reduced
(Fig. 2e, h, k, k") and when the PSC is expanded, the medullary zone is greatly enlarged (Fig.
2f, ). Our previous work demonstrated that medullary zone precursors are relatively
quiescent?, a characteristic similar to the slowly cycling stem cell or progenitor populations in
other systems4. BrdU incorporation in the wild-type lymph gland is largely restricted to the
cortical zone? (Fig. 2I), but in third-instar col mutants incorporation of BrdU is increased
relative to wild type and becomes distributed throughout the lymph gland (Fig. 2m), suggesting
that the quiescence of the medullary zone haematopoietic precursors is no longer maintained
in the absence of the PSC. Similarly, when the PSC domain is expanded, BrdU incorporation
is significantly suppressed throughout the lymph gland (Fig. 2n).

We next used P1 and ProPO as markers for plasmatocytes and crystal cells, respectively, to
assess the extent of haemocyte differentiation within lymph glands of the above genotypes.
Loss of the PSC does not compromise haemocyte differentiation; rather, mature plasmatocytes
and crystal cells are found abundantly within the lymph gland. Furthermore, the distribution
of these differentiating cells is not restricted to the peripheral region that normally constitutes
the cortical zone and many cells expressing ProPO and P1 can be observed medially throughout
the region normally occupied by the medullary zone (Fig. 20, p). Increasing the PSC domain
causes a concomitant reduction in the differentiation of haemocytes (Fig. 2q).

Nature. Author manuscript; available in PMC 2010 January 17.
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In summary, loss of the PSC causes a loss of medullary zone markers, a loss of the quiescence
normally observed in the wild-type precursor population and an increase in cellular
differentiation throughout the lymph gland. Similarly, increased PSC size leads to an increase
in the medullary zone, a decrease in BrdU incorporation and a decrease in the expression of
maturation markers. We conclude that the PSC functions as a haematopoietic niche that
maintains the population of multipotent blood cell progenitors within the lymph gland. The
observed abundance of mature cells in the absence of the PSC suggests that the early blood
cell precursors generated during the normal course of development will differentiate in the
absence of a PSC-dependent mechanism that normally maintains progenitors as a population.
This situation is reminiscent of the Drosophilal® and Caenorhabditis elegans® germ lines in
which disruption of the niche does not block differentiation per se, but lesser numbers of
differentiated cells are generated as a result of the failure to maintain stem cells. It is also
interesting to note that col mutant larvae are unable to mount a lamellocyte response to immune
challenge®. We speculate that this could be because of the loss of precursor cells that are
necessary as a reserve to differentiate during infestation.

Recent work on several vertebrate and invertebrate developmental systems has highlighted the
importance of niches417 as unique microenvironments in the maintenance of precursor cell
populations. Examples include haematopoietic®:19 germline2? and epidermal?! stem cell
niches that provide, through complex signalling interactions, stem cells with the ability to self-
renew and persist in a non-differentiated state. The work presented in this report demonstrates
that the PSC is required for the maintenance of medullary zone haematopoietic progenitors.
The medullary zone represents a group of cells within the lymph gland that are compactly
arranged and express the homotypic cell-adhesion molecule, DE-cadherin®. These cells are
pluripotent, slowly cycling and undifferentiated and are capable of self-renewal. It is presently
uncertain whether Drosophila has blood stem cells capable of long-term repopulation as
haematopoietic stem cells are in vertebrates. Nevertheless, it is clear that the maintenance of
medullary zone cells as precursors is niche dependent.

In order for the PSC to function as a haematopoietic niche there should exist a means by which
the PSC can communicate with precursors. As such, a signal emanating from the PSC and
sensed by the medullary zone represents an attractive model of how this might occur. Although
we have reported that Ser (ref. 5) and Upd3 (ref. 4) are expressed in the PSC, preliminary
analysis suggests that elimination of either of these ligands alone will not cause the phenotype
seen for Antp and col mutants. We therefore investigated the haematopoietic role of several
signalling pathways and identified the hedgehog (hh) signalling pathway as a putative regulator
in the maintenance of blood cell progenitors. The hh's2 lymph gland (Fig. 3d) is remarkably
similar in its phenotype to that seen for Antp hypomorphic2? (Fig. 3b) or col loss-of-function
(Fig. 3c) mutants (compare to wild type in Fig. 3a). Blocking Hh signalling in the lymph gland
through the expression of a dominant-negative form of the downstream activator Cubitus inter-
ruptus (Ci, the Drosophila homologue of Gli) also causes a phenotype similar to that observed
in Antp and col loss-of-function backgrounds. This is true when expressed either specifically
in the medullary zone (Fig. 3e) or throughout the lymph gland (Fig. 3f).

Consistent with the above functional results, Hh protein is expressed in the second instar PSC
(Fig. 3g) and continues to be expressed in third instar PSC cells (Fig. 3h, i). In the hh'2 mutant
background, the PSC cells continue to express Antp at the restrictive temperature (Fig. 3j-I)
indicating that, unlike col and Antp, Hh is not essential for the specification of the PSC. Rather,
Hh constitutes a component of the signalling network that allows the PSC to maintain the
precursor population of the medullary zone. Consistent with this notion, downstream
components of the Hh pathway, the receptor Patched (Ptc) (Fig. 3m, n) and activated Ci (Fig.
30, p), are found in the medullary zone. On the basis of both functional and expression data,

Nature. Author manuscript; available in PMC 2010 January 17.
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we propose that Hh in the PSC signals through activated Ci in medullary zone cells, thereby
keeping them in a quiescent precursor state.

The Hh pathway has been studied extensively in the context of animal development23.
Although the Hh signal does not disperse widely on secretion, many studies have shown that
this signal can be transmitted over long distances?4. The mechanism by which this occurs is
not fully clear and this is also true of how the PSC delivers Hh to medullary zone progenitors.
However, when labelled with green fluorescent protein (GFP), we find that PSC cells extend
numerous thin processes over many cell diameters (Fig. 4). The morphology of the PSC cells,
taken together with the long-range function of Hh revealed by the mutant phenotype, indicates
that the long cellular extensions may deliver Hh to receiving cells not immediately adjacent to
the PSC. In this respect, the Drosophila haematopoietic system shows remarkable similarity
to the C. elegans germline. In both cases, precursors are maintained as a population over
some distance from the niche and in both instances, the niche cells extend long processes when
interacting with the precursors.

Several studies have highlighted the importance of homeodomain proteins in stem cell
development and leukaemias26:27. Likewise, the role of Hh in vertebrate and invertebrate stem
cell maintenance has recently received much attention?8—30, The work presented here describes
direct roles for Antp in the specification and Hh in the functioning of a haematopoietic niche.
The medullary zone cells are blood progenitors that are maintained in the lymph gland at later
larval stages by Hh, a signal that originates in the PSC (Fig. 4e). The maintenance of these
progenitors provides the ability to respond to additional developmental or immune-based
haematopoietic signals. On the basis of these findings, understanding the specific roles of Hh
signalling and Hox genes in the establishment and function of vertebrate haematopoietic niches
warrants further investigation. The identification of a haematopoietic niche in Drosophila will
allow future investigation of in vivo niche/precursor interactions in a haematopoietic system
that allows direct observation, histological studies and extensive genetic analysis.

METHODS

Fly stocks and crosses

The following Drosophila strains (donors in parentheses) were used in the described
experiments: Antp-gal4/TM3, Sb (Cohen, S.M.), GFP-trap line ZCL2897 (Cooley, L.), hhs?
(Moses, K.), UAS-Cic®!l (Basler, K.), coll/CyO, twist-lacZ and col; P(col5-cDNA)/CyO-
TMB6B, Tb (Crozatier, M.), dome-less-gal4 (PG14; Noselli, S.) and hth64-1/TM6B and UAS-
hth (Salzberg, A.). The following stocks were obtained from the Bloomington Stock Centre:
UAS-Antp; Df(2R)knSA3; Antp?® red! e1/TM3, Sb; Antpl7/TM3, Sh; UAS-2xEYFP; hs-gal4/
CyO and w; P{tubP-gal80[ts]}10. In collier loss-of-function experiments, dome-less-gal4,
UAS-2xEYFP (X chromosome) was placed in the background of heterozygotes carrying the
col® allele over the deficiency Df(2R)knSA3. The ZCL2897 intron trap line (X chromosome)
was crossed into the background of col! allele homozygotes. In overexpression studies, UAS-
Antp was driven by Antp-gal4 and ZCL2897 was placed in this background to visualize the
status of the medullary zone. Similarly, UAS-hth was driven by twist-GAL4 in hth
overexpression studies. For Antp loss-of-function, a heteroallelic combination (Antp2%/
Antpl7)22 that survives to the late third instar was used. For misexpression of UAS-Cic€!l, these
flies were crossed to domeless-gal4; P{tubP-gal80[ts]}10, grown at 18 °C until hatching, and
then transferred to 29 °C until dissection. Additionally, UAS-Cic®!! was crossed to hs-gal4,
grown at 18 °C until mid-second instar, heat shocked at 37 °C for 2 h, and then returned to 18
°C until dissection. For hh's2 experiments, the full phenotype is observed when the larvae are
shifted to the non-permissive temperature in the mid-second instar.

Nature. Author manuscript; available in PMC 2010 January 17.
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Immunohistochemistry

Embryos and lymph glands were stained as previously described5:’. The following antibodies
were used: rabbit anti-Hth (Salzberg, A.), rabbit anti-Hh (Ingham, P.), mouse anti-Antp, mouse
anti-Ptc and mouse anti-Faslll (Developmental Studies Hybridoma Bank), rat anti-ProPO
antibody (Mdiller, H.), mouse anti-P1 (Ando, 1.), rat anti-DE-cadherin (Hartenstein, V.) and
2A12 rat anti-Ci (Holmgren, R.). Samples were imaged using a BioRad Radiance 2000
confocal with LaserSharp 2000 acquisition software.

Imaging PSC

For imaging the PSC using membrane GFP (Antp-gal4, UAS-mCD8-GFP), lymph glands were
dissected in ice-cold 1x PBS and fixed in 4% formaldehyde/1x PBS on ice for five minutes.
Lymph glands were then placed on a slide in 1x PBS, a cover slip was placed and the tissue
was immediately imaged using standard confocal microscopy techniques. For live imaging of
the PSC, individual whole Antp-gal4, UAS-GFP larvae were washed in water, placed on a slide
dorsal-side up in glycerol, and then a cover slip was placed with sufficient pressure to
immobilize the larva long enough for the acquisition of confocal sections through the PSC.
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Figure 1. Embryonic specification of the PSC by Antp

a, Schematic representation of the development of the Drosophila lymph gland. T1-T3, three
thoracic segments; dv, the dorsal vessel; cb, cardioblast; Igprim, 19sec I9tert, Primary, secondary
and tertiary lobes, respectively, of the lymph gland; and pc, pericardial cells. b—e,
Immunohistochemical analysis showed that the lymph gland is formed by the fusion of the
three Odd-positive cell groups (T1, T2 and T3). Antp expression is confined to a group of cells
at the posterior boundary of T3 (b, ). The cells that will become larval PSC remain confined
to the posterior edge of the embryonic lymph gland (e). f, g, Fas 111 (Fasciclin 111, a homophilic
cell adhesion molecule) is upregulated in the PSC. h, In the late embryo, the PSC cells
incorporate BrdU. i, Antp expression is maintained in the embryonic col mutant background.
j, k, Expression of col, detected by in situ hybridization, in the PSC (WT, arrow in j) is
eliminated in an Antp mutant background (arrow in k). I, Antp protein is expressed in the PSC,
whereas Hth protein is seen in the rest of the lymph gland. m, n, In the hth mutant background
(m), the lymph gland is virtually eliminated (arrow). Overexpression of hth (twist-gal4, UAS-
hth; n) causes a reduction in the number of cells in the PSC. All colours correspond to the
marker label in each panel. All images were acquired using a x40 objective with additional x
1.3 (b, ¢, d) or x2.5 (e-n) confocal magnification.
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Antp, ZCL2897

DE-cadherin

SerLacZz, do

ProPO, P1

Figure 2. The larval PSC functions as a haematopoietic niche to maintain blood precursors in the
medullary zone

a, In wild-type (WT), the PSC consists of a cell cluster located along the posterior edge of the
lymph gland. b, Antp expression in the lymph gland is missing in col"(PSC™). The residual
expression is in the cardioblasts of the dorsal vessel. ¢, The PSC is greatly expanded on Antp
overexpression (PSC®*P). d-k’, In wild type, medullary zone markers (d, g, j) are restricted to
the precursor population of cells. These markers are all eliminated in the absence of the PSC
(e, h, k). Rarely, amuch reduced medullary zone can be seen (example shown in k). Expansion
of the PSC causes expansion of the medullary zone (f, i). I-n, In wild-type (1), BrdU
incorporation is limited to the cortical zone. In the absence of PSC, cells in more medial regions
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incorporate BrdU (m), whereas in an expanded PSC genotype (n), the number of cells in S-
phase is greatly reduced. o—q, In wild-type (0), differentiating cells reside in the peripheral
cortical zone. In the absence of a PSC (p), differentiated cells are found throughout the lymph
gland lobe. On expansion of the PSC (q), these cells are restricted to a thin layer along the
distal edge. The colour of molecular markers for each row corresponds to those of the side
labels (the label ‘domelessGFP’ corresponds to the expression of GFP under the control of
domeless-gal4; ‘SerLacZ’ is expression of B-galactosidase under the control of the Ser9.5 (ref.
4) enhancer). All images were acquired using a 40x objective. The PSC panels (b, ¢, h, k, K/,
m, p) also reflect an additional x1.5 confocal magnification.
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Figure 3. A Hedgehog signal from the PSC is required for the maintenance of the precursor cell
population of the medullary zone

a, Wild-type (WT) expression of the cortical zone markers P1 (green) and ProPO (red). b,
Third-instar Antp-mutant?2 larvae show a lymph gland phenotype similar to that seen in col
mutants (c). hh'2 (d) shows an identical phenotype (compare to c). Misexpression of dominant-
negative Ci (e, f) phenocopies Antp, col and hh loss-of-function lymph gland phenotypes (b—
d). g—i, Hh expression (green) is restricted to the PSC in the second (g) and third instars (h,
i). All cells expressing Antp (red in i) also express Hh (yellow in i). A few dispersed cells
(arrowhead) in the cortical zone also initiate Hh expression (i). j—I, The PSC (Antp in green)
is present in hh's2 mutants (k, 1) as in wild-type (j). m, Hh expression marks the PSC and Ptc
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marks the medullary zone. n—p, Ptc and Ci (red) expression co-localizes with the medullary
zone marker domeless-gal4, UAS-GFP (labelled ‘Dome’). Ci forms a gradient with highest
staining intensity near the PSC. The asterisk marks the PSC. Haematopoietic markers for each
panel are colour-coded. All images were acquired using a x40 objective. Panels (c, d, k and
1) reflect an additional x1.5 confocal magnification. The confocal magnification used for the
close-up of the PSC in panel (i) was x3.
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Figure 4. PSC cells exhibit extensive processes that project into the lymph gland

a, b, GFP expressed exclusively in PSC cells (using Antp-gal4, UAS-mCD8-GFP) reveals the
presence of numerous thin processes that extend over several cell diameters into the medullary
zone. ¢, d, Analysis of PSC morphology in live animals. Whole-mount live third instar larva
showing GFP expression in the PSC. A close-up view (d) of the region indicated by the
arrowhead in (c), showing processes extending into the lymph gland. dv, dorsal vessel. e, A
schematic representation of the PSC region of the lymph gland as a niche involved in the
maintenance of medullary zone progenitors. All images were acquired using a x40 objective
except panel ¢, which was taken with a x10 objective. Panels a,b and ¢ and d, reflect additional
x6, x2.5, and x8 confocal magnification, respectively.
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