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Summary:  

During homeostasis, a critical balance is maintained between myeloid-like progenitors 
and their differentiated progeny, which function to mitigate stress and innate immune 
challenges. The molecular mechanisms that help achieve this balance are not fully understood. 
Using genetic dissection in Drosophila, we show that a Wnt6/EGFR-signaling network 
simultaneously controls progenitor growth, proliferation, and differentiation. Unlike G1-
quiescence of stem cells, hematopoietic progenitors are blocked in the G2 phase by a β-
catenin-independent Wnt6 pathway that restricts Cdc25 nuclear entry and promotes cell growth. 
Canonical β-catenin-dependent Wnt6 signaling is spatially confined to mature progenitors 
through localized activation of the tyrosine-kinases EGFR and Abl, which promote nuclear entry 
of β-catenin and facilitate exit from G2. This strategy combines transcription-dependent and -
independent forms of both Wnt6 and EGFR pathways to create a direct link between cell-cycle 
control and differentiation. This unique combinatorial strategy employing conserved components 
may underlie homeostatic balance and stress response in mammalian hematopoiesis. 
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Introduction:  

Precise spatiotemporal control of the cell cycle is a critical component of normal 

development across the evolutionary spectrum. Intrinsic control of cell cycle machinery follows a 

well-defined series of regulated activation and degradation of its core components1–3. However, 

within a developing tissue, the cell cycle is also tightly controlled by the spatial and temporal 

context of the cell. Individual cells divide and differentiate at their own unique rates, and it is 

expected that extracellular signals will coordinate the timing and frequency of entry into, and exit 

from, the mitotic cycle4,5. For example, external signals perceived in G1 typically dictate whether 

a cell should self-renew, differentiate, or remain quiescent6–9. In the past, suggestions that cell 

cycle and differentiation are linked have largely been proposed in the context of the events 

restricted to G110–12. Examples of regulation at the G2 stage are rarer and less well understood. 

In mammalian systems, a “G2 arrest” is generally associated with radiation-induced DNA 

damage, which is sensed by the ATM/ATR group of proteins13,14. Under radiation stress, cells 

are held in G2 stasis until a repair mechanism is able to reverse the damage. During normal 

development, without induced DNA damage, a cell in G2 with 4N DNA content will not interpret 

differentiation signals before it passes the intervening step of mitosis. However, this does not 

imply that passage through G2 is a passive process, incapable of reacting to external signals. In 

fact, such extrinsic signals often inform the fates of the immediate daughter cells, such as during 

asymmetric cell division15,16.  

 

Here, we explore a molecular mechanism that links the progression of a cell from G2 

into mitosis with the differentiation of its daughter cells during the following G1 phase of the cell 

cycle. In brief, we demonstrate that in an early, proliferative stage in development, cells self-

renew and increase in number, whereas at a more mature stage, a regulated G2 phase block, 

enforced in the progenitor, plays a pivotal role in the decision of its daughter cells to choose 

differentiation over proliferation. The underlying mechanism involves multiple forms of Wnt 

signaling and multiple targets of tyrosine kinases in the context of E-Cadherin expression. A 

similar convergence of signals could control mammalian multipotent progenitors as they 

differentiate into cells of the myeloid lineage. 

 

Several alternative modes of Wnt signaling have been described in the literature17. One 

such form, referred to as “WNT-STOP”, is most apparent in G218–21. During this cell cycle phase, 

inhibition of GSK3 by the Wnt signal prevents a large and varied number of its target proteins 

from degradation. The resulting accumulation of protein mass is vital for the growth of the cell 
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during G2 and a loss of this form of the Wnt signal therefore results in a smaller cell size. 

Although β-catenin is also stabilized by inhibition of GSK3, the cell-growth-related activity of Wnt 

is β-catenin independent. In what is termed “canonical Wnt signaling”, stabilized β-catenin, upon 

further modifications, enters the nucleus, and participates in transcriptional control of 

downstream targets22.  

 

Two separate populations of β-catenin have been identified in the cell, the first is in a 

complex that includes E-Cadherin and α-catenin and is restricted to the cell surface and located 

at junctions between cells23,24. The second population comprises a specifically phosphorylated 

form of β-catenin that is targeted to the nucleus to function in a transcription complex with 

TCF/LEF122. Both sub-populations of β-catenin are stabilized against degradation by Wnt 

signaling25. Here we establish that interconnected β-catenin-independent and β-catenin-

dependent Wnt pathways play a major role in regulating the spatial and temporal control of 

hematopoietic progenitors. This process directly links the cell cycle status of the progenitors with 

the cell fate choice of their progeny.  

 

The lymph gland is the primary hematopoietic organ in Drosophila. Many similarities with 

mammalian myeloid hematopoiesis have made this tissue useful as an in vivo genetic 

model26,27. Specified in the late embryo, the lymph gland develops during the larval instars and 

disintegrates at the pupal stage to release hemocytes that populate both the pupa and the 

adult28,29. Functional zones of cells with distinguishing characteristics have been identified and 

characterized in the lymph gland30 (Figure 1A). The cells of the Posterior Signaling Center 

(PSC), along with similar cells along the dorsal vessel (heart), function as a niche to maintain 

progenitors in the medullary zone (MZ), preventing them from prematurely differentiating into 

hemocytes31–35. 

 

Recent genetic36–39 and transcriptomic studies40,41 have identified considerable 

heterogeneity within the progenitor population. These subpopulations are spatially arranged so 

that the innermost ones (“core” progenitors), closest to the dorsal vessel, are the least mature, 

while the most mature ones (“distal” progenitors) are found at the periphery of the MZ near the 

site of differentiation. A transition zone, made up of intermediate progenitors42 (IPs) as well as 

other less well-characterized transitional cells40,41, mark the “edge” where differentiation is first 

seen. Final maturation and lineage choice are largely restricted to the cortical zone (CZ), which 

extends to the periphery of the lymph gland and is composed of multiple mature cell types.  
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The proliferation profile of hematopoietic progenitors is quite distinct between early vs 

later larval stages. In the 1st instar, the progenitors proliferate quite broadly, and this expansion 

phase continues until the mid 2nd instar32,43. At this point, two important and virtually 

simultaneous events become apparent. The first is the appearance of a small number of 

differentiating cells and the second is a dramatic reduction in proliferation of the progenitors. 

The proliferation block is enforced by two signals, a Hedgehog-dependent signal from the 

niche33 and a second, ADGF/Adenosine-based equilibrium signal from the early differentiating 

cells to the progenitors43. Together they suppress the proliferation of progenitors, whereas 

differentiation is confined to the distal edge of the MZ.  

 

Differentiation is defined both by a reduction in the level of progenitor markers and by 

the appearance of a marker such as Hemolection (Hml), which identifies cells that have become 

competent to form all mature blood cell types and is expressed earlier than markers for terminal 

differentiation. The appearance of Hml correlates with the slowing down of progenitor 

proliferation such that by the 3rd instar, where most of this study is focused, very few progenitors 

incorporate BrdU32. Additionally, differentiation is limited to the outer edge of the MZ, and 

processes that control proliferation and differentiation together maintain a balanced and spatially 

organized population of cells in each zone30. This orderly homeostatic control is disrupted upon 

immune challenge when progenitors rapidly proliferate and differentiate to protect the 

animal44,45. In this study, we focus on mechanisms that are crucial for linking proliferative and 

cell-fate determinative events during normal hematopoiesis. 

Results:  

Hematopoietic progenitors are held in the G2 phase of the cell cycle 

We first sought to determine the cell cycle status of the slow-cycling hematopoietic 

progenitors. Recent studies have found that the hematopoietic progenitors in the lymph gland 

are largely in the G2 phase, although this varies by developmental time and the specific driver 

used to mark the cells (46,47). Here, we expressed a fluorescent ubiquitin-based cell cycle 

indicator system (Fly-FUCCI48) in the progenitors using domeMESO-GAL4 to identify and visualize 

cells in G1, S, and G2 phases of the cell cycle (Figure 1B-E). We find that a vast majority 

(~80%) of the progenitors in the wandering 3rd instar (w3rd instar) lymph gland are held in G2 

(Figure 1E-F), quite unlike classically defined “quiescent” cells in other developmental systems 

that are held in G1 or G08. This “G2 block” or lengthening of the G2 phase is seen as early as 
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2nd instar although it is most apparent in w3rd (Figure 1B-F). Analysis of fixed tissue shows that 

progenitor number increases during the 2nd instar but remains relatively constant throughout the 

3rd (Figure 1G). Mitotic cells are detected throughout the progenitor population in the 2nd instar 

(Figure S1A,A’). These events are rarer in the 3rd instar, and the ones detected are generally 

confined to the distal edge of the progenitor population near the site of differentiation (Figure 

S1B,B’). We devised a single-cell resolution, short time span, live imaging method, which, in 

combination with FUCCI, allows us to detect the cell cycle status of individual progenitors. 

Amongst other advantages, this method of imaging preserves the native 3D spatial structure of 

the lymph gland and allows its analysis at specific time points in development. As expected, 

most progenitors detected are in G2 irrespective of the developmental stage and this is 

particularly obvious in w3rd instar larvae (Figure 1H; please see Movie 1; Figure S1C-F). 

Additionally, in the late 2nd and early 3rd instars, G1 cells appear clustered along the distal edge 

of the MZ (Figure S1G). The immediate neighbors of these G1 cells no longer express the 

progenitor marker domeMESO (reported by FUCCI), suggesting that the G1 region is close to 

sites of differentiation. In principle, the band of G1 daughter cells in the early 3rd could potentially 

choose between self-renewal and differentiation. However, since we no longer detect a 

significant increase in the progenitor population past this stage (Figure 1G), we believe that self-

renewal at the edge is less prevalent than differentiation into a Hemolectin (Hml)-positive cell.  

Further insight into the cell cycle is obtained in flow cytometric analysis of dissociated 

cells from multiply marked lymph glands (domeMESO-GFP, Hml-DsRed) (Figure 1I-J”; Figure 

S1H). In this analysis, progenitors (GFP-positive) are largely 4N in their DNA content (G2 

phase), whereas the intermediate progenitors (expressing both GFP and RFP) and the 

differentiating cells (RFP-positive) consist of a mixture of 2N and 4N DNA profiles indicating that 

they are in multiple stages of the cell cycle. This agrees with the FUCCI results and further 

reinforces the possibility of an active mechanism that holds a majority of the progenitors in G2.  

 

Progenitors show high levels of cytoplasmic Cdc25 and Cyclins A and B  

Both classic G2 cyclins, Cyclin A (Figure 1K-K’) and Cyclin B (Figure 1L-L’), are enriched 

in progenitors. In Drosophila, G2 arrest has been previously described in the context of 

development and is generally associated with an absence of the phosphatase Cdc25 

(Drosophila String), either due to the degradation of the protein or a lack of transcription of the 

cdc25 gene49–51. Cdc25 normally activates the Cdk1/Cyclin B complex by removing an inhibitory 

phosphate group on CDK152. This event is a prerequisite for exit from G2 and a lack of Cdc25 

would therefore result in a G2 block. 
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 Surprisingly, we find that Cdc25 protein is expressed in abundance in the hematopoietic 

progenitors that nevertheless remain held in G2 (Figure 1M-M’). This seemingly contradictory 

result is resolved by a closer examination of the Cdc25 staining pattern, which reveals that 

virtually all of the Cdc25 protein in the progenitors is excluded from the nucleus and is instead 

held in the cytoplasm (Figure 1N-O), where Cdc25 will not be able to act on its nuclear targets53. 

These observations suggest that an active molecular mechanism sequesters and retains 

Cdc25/String in the cytosol, which renders Cdc25 inactive and thereby holds the cell in G2. It is 

possible to override such a mechanism by gross overexpression of Cdc25/String. Doing so 

decreases the fraction of progenitors held in G2 (4N) and increases the fraction of progenitors in 

G1 (2N) (Figure 1P). This result is further confirmed by FUCCI analysis (Figure S1I-K).  

 

Mechanism of Cdc25 sequestration 

To initiate a dissection of the mechanisms that underlie lengthened G2, we first 

manipulated Myt1 and Wee1, which are core components of the cell cycle machinery that holds 

cells in G2. Previously validated RNAis which target transcripts encoding Myt1 and Wee1 

kinases were used. It is widely established that these kinases sequentially phosphorylate and 

inactivate the Cyclin B/Cdk1 complex52,54. We find that a kno32ck-down of these kinases within 

the progenitors causes a dramatic reduction in their population with a concomitant increase in 

differentiation (Figure S2A-C). The progenitors that remain in these genetic backgrounds are 

altered in their cell cycle status with a significantly smaller fraction in G2 (Figure S2D-H). Thus, 

holding these cells in G2 is important for maintaining a reserve pool of progenitors and a release 

from G2 strongly correlates with increased differentiation. 

 In mammalian systems, G2 arrest is associated with radiation-induced DNA damage 

and the protein cascades that control repair are well established55. Although the G2 arrest in the 

hematopoietic progenitors described here is seen under normal growth conditions with no 

exposure to radiation, we nevertheless investigated if any of the key components of DNA-

damage-induced G2 arrest might be involved in the context of the lymph gland. We find that 

loss of function of the ATR kinase (a DNA damage sensor56,57) or its substrate, the Chk1 kinase 

(that phosphorylates Cdc2514,58–60), as well as the Cdc25 binding protein 14-3-3ε 61,62, results in 

phenotypes similar to the loss of Wee1 and Myt1. In each case, progenitors are depleted, 

differentiation is increased, and the progenitors that remain lose their strict restriction for G2 

(Figures 2A-D, S2D-E, S2I-K). Additionally, in these knock-down backgrounds, Cdc25/String 

staining is greatly reduced in the progenitors that remain (Figure 2E-H’). Mechanistically, the 

data, interpreted in the context of published literature on mammalian systems63, is consistent 
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with the model that ATR activates Chk1 which then phosphorylates Cdc25 and inactivates it due 

to its binding to 14-3-3ε 52, thus preventing Cdc25 from entering the nucleus64. This pathway that 

is typically utilized in radiation-stress sensing is co-opted during homeostatic hematopoietic 

development and helps hold progenitors in their undifferentiated state. 

 

Wnt pathway in progenitor maintenance, Cdc25 sequestration, and cell cycle control 

 Drosophila 14-3-3ε (Par-5) was identified in oocyte polarization screens as binding to, 

and functioning together with, Par-1 (C-TAK1; MARK3) in several contexts 65–67. In unrelated 

studies, Par-1 was shown to bind Disheveled and to potentiate Wnt signaling68,69. With these 

facts in mind, we investigated if the prolonged G2 phase in the hematopoietic progenitors is 

downstream of the Wnt pathway. Using appropriate, validated, RNAi constructs, we depleted 

the Wnt co-receptor LRP6/Arrow70 or the co-regulatory proteins, Ck1γ/Gish71,72, Cyclin Y73–75, 

CDK14/Eip63E19,20, and Par-1. Similar to that seen in Figure 2, we find that the loss of each of 

the above Wnt pathway-related proteins causes loss of progenitors with increased differentiation 

(Figure 3A-F; S3A-B), loss of Cdc25 (Figure 3G-L’), and a reduced percentage of G2 phase in 

the remaining progenitors (Figure S3C-D).  

 

Unique role of Wnt6 in cell cycle control and progenitor maintenance 

The Drosophila genome contains seven Wnt proteins, each of which has corresponding 

mammalian orthologs76. We depleted each of the seven Wnts in the progenitor population and 

found that the loss of only a single ligand, Wnt6, gives rise to the entire set of the expected loss 

of function phenotypes including loss of progenitors, increased differentiation, loss of 

cytoplasmic Cdc25/String staining, and a decrease in the percentage of G2 in the remaining 

progenitors (Figure 4A-H). Knock-down of the remaining Wnt family ligands, Wnt1/Wg, Wnt2, 

Wnt3/5, Wnt4, Wnt8/D, or Wnt10 did not give rise to a similar loss of function phenotype (Figure 

S4A-H). A second independently generated Wnt6-RNAi line (Figure 4G, S4F) as well as a 

whole body Wnt6 loss of function mutant (Wnt6KO; Figure S4I-J), confirmed that Wnt6 controls 

progenitor maintenance. These results demonstrate that the pathway which sequesters Cdc25 

in the cytoplasm, holding cells in G2 and thereby maintaining them as progenitors, is initiated by 

Wnt6. The similarities in the phenotypes of Wnt6 loss with that of the loss of stress and damage 

related proteins ATR/Chk1/14-3-3ε led us to believe that Wnt6 prolongs G2 during normal 

development by coopting several proteins associated with DNA damage-checkpoint control. In 

this model (Figure 4I), a Wnt6/LRP6 signal is transduced by Ck1γ, Cyclin Y, and CDK14. 

Further downstream they promote the cascading activity of Par-177,78, ATR, and Chk1 which are 
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also associated with Wnt signaling79 and phenocopy loss of Wnt6. These downstream kinases 

are critical for Cdc25 phosphorylation (p-Cdc25) and its retention in the cytoplasm. While the 

upstream triggering mechanism is different between Wnt6 and radiation damage-induced block 

in G2, in either case, it is caused by the cytoplasmic retention of the p-Cdc25 /14-3-3ε complex. 

 

Wnt6, but not Wg, is highly expressed in the hematopoietic progenitors 

The best studied Wnt ligand in Drosophila is Wingless (Wg; mammalian Wnt1). An 

antibody, Ab4D4, has been widely used to detect the Wg/Wnt1 protein (DSHB80). Based on 

staining with Ab4D4, we and others, in past studies, proposed that the lymph gland progenitors 

express Wg81–83. However, the current phenotypic analysis suggests that Wnt6, not Wg, 

functions in the lymph gland progenitors to maintain that population (Figure S4A-B, F). A well-

controlled analysis of Drosophila maxillary palp development84 convincingly demonstrates that 

Ab4D4 cross-reacts with both Wg and Wnt6. The most parsimonious suggestion, based on our 

phenotypic analysis, would therefore be that Ab4D4 recognizes Wnt6 in the lymph gland. To 

substantiate this idea, we generated a Wnt6:HA direct protein reporter and compared its 

expression with that of the similarly produced Wg:GFP strain85. We find that Wg:GFP is not 

expressed in the lymph gland at this stage of development although its expression is strong in 

the disc epithelium (Figure S4K-M). In contrast, Wnt6:HA shows robust expression in the lymph 

gland progenitors (Figure 4J) as well as in the previously reported pattern for Wnt6 in the wing 

disc84 (Figure S4N,N’). As a control to validate the Wnt6:HA construct, we demonstrated that 

Wnt6-RNAi, but not Wg-RNAi, abrogates Wnt6:HA staining (Figure S4N-P’). The overall 

evidence conclusively demonstrates that at this stage of development Wnt6 functions in the 

hematopoietic progenitors. 

 

Hh signal from the PSC niche cells control Wnt6 transcription in the progenitors  

Wnt6 protein is detected in the progenitor population, but how might its transcript be 

regulated in these cells? As Hedgehog (Hh) and Wg pathways show regulatory interactions in 

other tissues76,86, we asked if Wnt6 might be related to Hh as well. It is known that the primary 

source of Hh in the lymph gland is the niche (PSC), and that the progenitors express Patched 

and Smoothened (Smo) as they are the recipients of the Hh signal33,38,87,88. 

We find that single-cell RNASeq analysis41 shows a strong positive correlation between 

Wnt6 and smo transcripts in the MZ progenitors (Figure S4Q). Additionally, overactivation of the 

Hh pathway by progenitor-specific expression of CiACT causes a substantial increase in Wnt6:HA 

but not in Wg:GFP levels (Figure 4J-L, S4M,R). Importantly, we find that RNAi-mediated 
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depletion of Smo in the progenitors leads to increased differentiation, loss of progenitors, and a 

decreased percentage of progenitors in G2 phase (Figure 4M-P), similar to the phenotypes 

seen with loss of the Wnt6 pathway. We conclude that Wnt6 expression is specifically induced 

in the progenitors that receive a Hh signal from the niche. Since Wnt6 is a secreted molecule, 

presumably it can then be distributed to a broader population of MZ cells beyond the ones that 

directly receive Hh. The Wnt6 signal thus generated is responsible for progenitor maintenance 

and cell cycle control.  

 

Wnt6 and Hh signaling also control cell size of the progenitors  

In the introduction section, we described the G2 phase growth-controlling pathway 

named Wnt-STOP and the concept that loss of this GSK3-dependent, β-catenin-independent 

signal gives rise to smaller cells18. We used flow cytometric analysis with FSC measurements to 

monitor cell size and found that RNAi-mediated loss of Wnt6 or LRP6 causes a significant 

decrease in cell size (Figure 4P), whereas loss of further downstream components such as Par-

1 or Myt1 has no effect on cell size (Figure 4Q), even though all pathway members, including 

Wnt6, LRP6, Par-1, and Myt1 show strong evidence of cell-cycle control (Figures 4H, S3C,D, 

S2E, S4S). These results meet the expectations of Wnt-STOP signaling since only the 

components of the pathway upstream of the GSK3 kinase are expected to have G2-related 

function in cell growth18. Significantly, we find that in addition to its effect on the cell cycle, loss 

of Smo, belonging to the Hh pathway, also gives rise to a cell-size defect (Figure 4Q). This 

observation further bolsters the strong evidence that a Hh signal has an upstream role in the 

control of Wnt6 levels.  

 

Role of β-catenin in cell cycle regulation 

Based on the Wnt6/LRP6 data on cell-cycle control, it is expected that β-catenin 

(Drosophila Arm), which is known to be stabilized upon the inhibition of the destruction complex, 

might also be required for progenitor maintenance. This, however, is not the case. Loss of β-

catenin/Arm (domeMESO-GAL4, UAS-β-catenin-RNAi), in fact, shows quite the opposite 

phenotype from other Wnt6 pathway members. β-catenin-RNAi expressed in the progenitors 

causes an increase in the size of their population and a corresponding decrease in the number 

of differentiating cells (Figure 5A-D). Furthermore, unlike with loss of Wnt6 (Figure 4H) or LRP6 

(Figure S3C), the loss of β-catenin does not decrease the fraction of progenitors that are 
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maintained in G2 (Figure 5E). Since loss of β-catenin causes a mutant phenotype, this protein is 

functional in the tissue, but it is not responsible for holding progenitors in G2.  

As a complement to the above loss-of-function approach, we enhanced β-catenin activity 

with a knock-down of Axin (domeMESO-GAL4, UAS-Axin-RNAi), which is a scaffolding protein 

and a key component of the destruction complex89–91. We find that the increased β-catenin 

activity in this genotype decreases differentiation and increases progenitor maintenance (Figure 

5F-H). It also decreases the percentage of progenitors in G2 (Figure 5I). This is only in part due 

to the fact that the number of progenitors in G2 decreases, but also because the number in G1 

increases by nearly 10-fold (Figure S5A-C). Ultimately this results in a rise in the percentage of 

cells in G1 from ~5% in wild type to ~50% when β-catenin levels are elevated (Figure 5J). 

Taken together, the loss and gain of function experiments suggest that β-catenin activity likely 

promotes exit from G2 and entry into G1, unlike the other Wnt6 components that are primarily 

involved in prolonging G2.  

A closer look at the cell cycle status of Axin-RNAi progenitors within the lymph gland 

reveals that the additional G1 cells in this genotype are largely seen at the distal edge of the 

progenitor zone near the site of differentiation (Figure 5K-L’). We refer to these G1 cells, small 

in number in wild type (Figure S1G), and increased with excess β-catenin activity, as “edge 

progenitors”. The escape from G2 is localized to this distal edge and is not seen in the entire 

MZ, even though in these experiments the activity of β-catenin is altered throughout the MZ.  

 

Spatial regulation of the cell cycle 

We took advantage of known differences in the expression patterns of two progenitor 

drivers (Tep4-GAL492,93 and domeMESO-GAL432,92,94,95) to better understand the spatial regulation 

of the cell cycle. While domeMESO-GAL4  is ubiquitously active in all progenitors, Tep4-GAL4 

expression is confined to an inner subset of less mature domeMESO-expressing cells, which have 

been referred to as “core progenitors”, located closer to the dorsal vessel and farther away from 

the edge of the lymph gland36–39. The distinction in the expression of these two drivers is best 

appreciated in live imaging of the larva (Figure 5M-O). We find that the domeMESO-positive cells 

(“all progenitors'') are separable into a Tep4-expressing subpopulation (“core progenitors”) and 

a Tep4-negative subset (“distal progenitors”). The extent of non-overlap between the two 

markers is greatest in the early 3rd instar, but by mid 3rd instar, this difference is over only a 

small number of cell diameters (Figure 5M-N). Combining these drivers with FUCCI allows us to 

also compare the cell cycle status of the progenitor subpopulations (Figure 5P; S5D,E). While 

both groups of progenitors (core and distal) are largely in G2, the core progenitors, particularly 
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the cells close to the dorsal vessel, also show a significant number of cells in S phase (Figure 

S5F). On the other hand, the distal progenitors, while primarily in G2, also include cells in G1, 

particularly at their distal edge (Figure S1G). Thus, a progression of cell cycle is apparent, from 

an S/G2 state to a G2/G1 state in cells positioned from the inner to the outer reaches of the 

medullary zone.  

Interestingly, the β-catenin-dependent canonical Wnt6 activity is distinct in the core vs 

distal progenitors. When β-catenin levels are raised (Axin-RNAi) in the core progenitors (with 

Tep4-GAL4), there is no significant effect on differentiation (Figure 5Q-S) or on the number of 

cells in G1 (Figure 5T). Whereas, as shown earlier (Figure 5F-H, S5A), an identical 

manipulation in all progenitors (using domeMESO-GAL4), causes a very efficient block in 

differentiation and increased numbers of progenitors in G1. We deduce that β-catenin-

dependent Wnt6 pathway activity is spatially restricted to the edge of the medullary zone and 

only operates in distal progenitors where it helps mediate the release of progenitors from G2. In 

stark contrast, β-catenin-independent Wnt6 signaling is active in both core and distal 

progenitors since an increase in differentiation phenotype results when upstream members of 

this pathway (Wnt6, LRP6, or Par-1) or core cell cycle regulators (Wee1 or Myt1) are 

downregulated in either the core progenitors (Tep4-positive; Figure S5G-J) or in all progenitors 

(domeMESO-positive; Figure 4B; Figure 3B,F; Figure S2B,C). Together, these results imply that 

proper hematopoietic patterning requires the combined effect of a Wnt6 signal that is β-catenin-

independent in all progenitors and a second, β-catenin-dependent signal that operates in a 

spatially restricted subset of distal progenitors.  

 

E-Cadherin and dual function of β-catenin in spatially restricted zones  

E-Cadherin (E-cad) is an adhesion molecule known to be expressed in cells of the 

medullary zone38,82,96,97. The core progenitors immuno-stain for both E-Cad (Figure S6A-B’) and 

β-catenin (Figure 6A-A’’’) at the cell surface, presumably representing the junctional complexes 

known to involve these proteins98,99. The pan-β-catenin antibody used in this experiment (N2 

7A1100) does not detect low levels of any endogenous nuclear β-catenin that might be present. 

The extensive network of E-Cad that holds the core progenitors together is sharply 

downregulated at the distal edge of the medullary zone (Figure S6A-A’’’). These E-Cad negative 

progenitors in the proximity of the distal edge are still domeMESO-positive but they are not part of 

the intermediate zone (Figure S6B,B’).  
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While the inhibition of the destruction complex is the primary mechanism for stabilization 

of β-catenin70,101, its subsequent phosphorylation at multiple sites dictates whether β-catenin 

localizes to the junctional complexes, stays in the cytoplasm, or is further modified to be stably 

transported to the nucleus where it can function as a transcription factor22,102. In mammalian 

neuronal retina cells, one such terminal phosphorylation event generates phospho-Y489-β-

catenin (pY489-β-cat for brevity), which is transported to, and is functional in, the nucleus103. 

Furthermore, phosphorylation at this site decreases the affinity of β-catenin for cadherin 

complexes at the cell surface thus facilitating its release103. This phosphorylation site is 

conserved, although to our knowledge has not been studied in Drosophila. An antibody 

recognizing pY489-β-cat shows a spectacular staining pattern in the lymph gland, wherein 

pY489-β-cat is seen in the nuclei of a very restricted number of progenitors along the distal 

edge of the MZ and in their immediate differentiating neighbors of the transition zone (Figure 

6B-C, S6C,C’). Tep4-positive core progenitors do not show any signs of nuclear pY489-β-cat 

expression (Figure 6D-E). Furthermore, forced overactivation of the Wnt signaling pathway 

downstream of the ligand (domeMESO-GAL4, UAS-Axin-RNAi) leads to an increase in the 

number of pY489-β-cat expressing cells (Figure 6F-G’, S6D), which are predominantly in G1 

phase (Figure S6E). 

When we directly compare E-cad localization and pY489-β-cat staining, we find that E-

cad-positive progenitors do not colocalize with nuclear β-catenin (Figure 6H-H’’). Thus 

membrane-bound β-catenin, which is associated with E-cad and found in core progenitors, is 

non-overlapping with nuclear β-catenin, which is seen in the E-cad-negative distal progenitors. 

E-cad likely plays a crucial role in the regulation of β-catenin localization since over-expression 

of E-cad throughout the MZ (using domeMESO-GAL4) significantly reduces the number of pY489-

β-cat-positive cells (Figure 6I). These results suggest a unique and novel relationship between 

Wnt6 signaling, E-cadherin function, pY489-β-cat nuclear localization, and the spatial regulation 

of the cell cycle. 

 

Abl controls nuclear β-catenin 

 In mammalian studies, the Y489 site has been shown to be recognized and 

phosphorylated by Abelson kinase (Abl)103. Such an Abl-related Y489 phosphorylation has not 

been investigated in Drosophila. We downregulated Abl activity in progenitors using two 

independent RNAi constructs and also using a dominant negative form of Abl104 and found that 

these genetic manipulations significantly decrease nuclear pY489-β-cat-positive progenitors 
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(Figure 6J). This implies that Y489 phosphorylation and the consequent activation and nuclear 

translocation of β-catenin is indeed controlled by Abl. Activation of Abl, in turn, requires its own 

phosphorylation at the specific site, Y412105–107, and an available antibody against pY412-Abl 

identifies this active form in Drosophila 108. In a subset of progenitors largely at the edge of the 

MZ, pY412-Abl expression appears as punctate staining in the cytoplasm and at the cell surface 

(Figure 6K-L’, S6F-G’). Co-staining for pY412-Abl and pY489-β-catenin reveals that these two 

activated proteins localize to different compartments in the same cell (Figure 6K”,L). pY489-β-

catenin is nuclear, whereas pY412-Abl staining appears as puncta in the cytoplasm and along 

the plasma membrane.  

 

Abl is activated by EGFR in a spatially restricted subset of progenitors 

Abl activity can be controlled by a multitude of mechanisms109,110. Prominent amongst 

these is its activation by the Receptor Tyrosine Kinase (RTK) EGFR107,111,112. We found that 

overexpression of wild-type EGFR notably increases the staining for active pY412-Abl (Figure 

6M-N, S6H-I). This suggests that EGFR is involved in Abl phosphorylation and activation, 

possibly similar to what has been observed in mammalian tissue. Overexpression of wild-type 

EGFR normally does not have a phenotypic consequence in Drosophila as the limiting 

component of the pathway in Drosophila is the availability of the ligand113,114. For the lymph 

gland, the data suggest that the amount of functional receptor is limited. This is an important 

concept and its implications for blood development are elaborated upon in the Discussion 

section. In order to bolster the results of the gain-of-function experiments, we knocked down 

EGFR levels with a pre-validated RNAi line which clearly decreases EGFR staining throughout 

the MZ (Figure S6J-K’). Consistent with our proposed phosphorylation cascade of EGFR/Abl/β-

cat, we find that RNAi-mediated depletion of endogenous EGFR decreases overall numbers of 

pY489-β-cat-positive cells (Figure 6O). Together, these results support our model that EGFR 

activates Abl and Abl, in turn, phosphorylates β-catenin to promote nuclear translocation. 

Additionally, loss of EGFR also increases the size of the progenitor population (Figure 6P), 

suggesting that the EGFR signal plays a role in promoting differentiation. 

 

Linking cell cycle control with differentiation in distal progenitors 

 RTK signals have been proposed to have a regulatory role in differentiation in multiple 

tissues including the lymph gland35,115–118. In such instances, they function by activating Pointed 

(Pnt/ETS1) as a downstream transcription factor119. When previously validated pnt-RNAi is 

expressed in all progenitors (domeMESO-GAL4) we observe a virtually complete block in 
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differentiation41 (Figure 7A-C). However, when the expression of pnt-RNAi is limited to the core 

progenitors (Tep4-GAL4), there is no observed effect on differentiation (Figure 7D-F). This 

pattern of differentiation phenotypes is remarkably similar to that seen with enhanced β-catenin 

activity upon loss of Axin (Figures 5A,F,G, Q-S). In both instances, pnt-RNAi and Axin-RNAi 

function in the distal but not in the core progenitors. Also, in both cases, the total progenitor 

population is increased and that of differentiated cells is reduced. However, the composition in 

the numbers of cells in each phase of the cycle is different for these two genotypes in important 

ways that reveal differences in the underlying mechanisms. Axin-RNAi decreases the number of 

progenitors in S and G2 phases while increasing the number in G1 (Figure S5A-C; 7G). This 

suggests that β-catenin activity promotes exit from G2 and entry into G1, but limits progression 

through S phase and so does not promote proliferation in these cells. Instead, distal progenitors 

with unbridled β-catenin activity remain stuck in G1, unable to differentiate. In contrast, relative 

to wild type, pnt-RNAi causes an increase in the number of progenitors in all phases of the cell 

cycle with a nearly 3-fold increase in S phase, 2-fold increase in G2, and 8-fold increase in G1 

(Figure 7H). This is an indication that differentiation of progenitors requires Pnt and normal Pnt 

activity limits the number of outer progenitors that proliferate. Without Pnt activity, the distal 

progenitors are unable to differentiate, and instead continue cycling, and are therefore 

populated by cells in all phases of the cell cycle.  

A synthesis of all the data presented allows us to propose a model for hematopoiesis 

(Figure 7I) in which dual functions of both Wnt and RTK pathways provide a link between cell 

cycle regulation and differentiation in the progenitors. Wnt6 is required for both blocking cells in 

G2 (β-catenin independent) and in releasing them from this block (β-catenin dependent) while 

EGFR is required for the activation of β-catenin (Pnt independent) and in promoting 

differentiation (Pnt dependent), with all EGFR activity localized to the distal progenitors. The key 

process that dictates such a direct coupling and thereby creates a homeostatic balance is the 

maintenance of the hematopoietic progenitors in an extended G2 phase (Figure 7I). 

Discussion:  

The multifunctional nature of Wnt6 signaling is at the core of our proposed model that 

explains the order of events that control the cell size, proliferation, maintenance, and 

differentiation of hematopoietic progenitors (Figure 7I). Combinatorial interactions between 

different forms of Wnt6 and tyrosine kinase signals ensure that only a subset of the progenitors 

proceed to differentiation while the rest are held in reserve. The rather elegant manner in which 
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different modes of very few signals can generate multiple functional outputs ensures that 

maintenance, fate choice, proliferation, and cell size are intimately linked such that a change in 

one of these processes has a significant effect on the others. We strongly suspect that similar 

principles might underlie the regulation of mammalian multipotent progenitors, which are 

primary generators of cell-type diversity during native hematopoiesis120,121. The components of 

the presented model are all conserved in evolution, but if this process is later found to be 

maintained in mammalian myeloid cells, based on the century of research in Drosophila, we 

should expect that while the overall logic of the model is likely to be conserved, the details of the 

exact pathways utilized and how they are combined, could vary somewhat. Also, the model 

(Figure 7I) explains all the data presented in this paper, but we fully expect that there are more 

components that belong to the scheme. For example, the role of free radicals such as ROS122 

and NO (Cho et al., 2023) or any possible involvement of asymmetric cell division, will be critical 

to the model, and we hope to incorporate them in the near future.  

 As a brief synopsis, Hh expressed in the niche signals the nearest progenitors and 

causes Wnt6 to be transcribed as its direct signaling target. Following its translation, 

modification, and secretion, Wnt6 initiates a signal that is transduced in all progenitors. This 

pathway inhibits the GSK3-dependent destruction complex, and many proteins that are GSK3 

targets are thereby spared from degradation. The β-catenin-independent stabilization of a large 

number of such proteins constitutes the “Wnt-STOP” pathway18, which regulates the growth of 

the cell during the prolonged G2 phase, and a loss of pathway components upstream of GSK3, 

therefore, gives rise to reduced cell size. Additionally, this pathway also stabilizes key cell cycle 

regulators such as Cdc25, Par-1, Chk1, and Wee118,21. However, perhaps the most prominent 

β-catenin-independent function of the Wnt6 pathway, relevant to progenitor maintenance, is the 

cytoplasmic sequestration and inactivation of Cdc25 by 14-4-3ε. The phosphatase activity of 

nuclear Cdc25, critical for the activation of the nuclear Cyclin B/CDK1 complex, is the primary 

facilitating event in the G2-M transition of a mitotic cell52,53. Cytoplasmic sequestration of Cdc25 

maintains the progenitors in a prolonged G2 phase until this block is lifted only in the most 

mature subset of progenitors.  

Stabilized nuclear β-catenin, a hallmark of “canonical Wnt signaling”, also functions in 

this system but rather than lengthening G2, it is essential to release only the most mature 

progenitors from G2, allowing a round of mitosis to generate daughters in G1 that are then 

competent to choose whether to self-renew or differentiate. Although β-catenin degradation is 

inhibited in all progenitors, its nuclear transcriptional activity is spatially restricted to only a small 

number of cells in which it is phosphorylated by Abl, which is activated by EGFR. Interestingly, 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 1, 2023. ; https://doi.org/10.1101/2023.06.29.547151doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.29.547151
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 

the expression of EGFR is not restricted to this small subset of the most mature progenitors. 

Rather, it is the activity of EGFR that is restricted by a combination of mechanisms. First, in their 

elegant analysis of the system, Cho et al. (2023) have established how the EGFR protein is 

inactivated by nitrosylation and is unable to exit the ER in all but the most mature progenitors. 

And second, any EGFR escaping this process will also be inactive in the high E-Cad 

environment of the core progenitors123–126. In Drosophila, spatially restricted EGFR activity is 

usually a result of limited expression of the ligand113,114. This is not the case for the lymph gland 

as both this study as well as Cho et al., show that it is the availability of functional receptor that 

is limiting. This mechanism is the norm in mammalian systems127,128 and perhaps reflects the 

uniquely conserved strategies adopted for hematopoietic progenitor maintenance.  In summary, 

active EGFR activates Abl, which in turn facilitates a specific phosphorylation event that reduces 

β-catenin’s affinity for the junctional complex and promotes its transfer to the nucleus103, where 

its transcriptional activity enables only the distal progenitors to escape their G2 block and 

proceed through mitosis with the daughter cells in G1 awaiting differentiation signals. 

The direct coupling between cell cycle and differentiation is made closer still because the 

EGFR pathway, like Wnt6, also plays multiple roles. Its transcription-independent arm 

phosphorylates Abl and is ultimately responsible, in the context of Wnt6 signaling, for release of 

the progenitor from the G2 phase. But its canonical Ras/Raf/Pnt arm produces a signal that the 

emerging cell in G1 perceives as a differentiation cue. A majority of these cells follow a 

differentiation path and very few self-renew. The latter process becomes prominent only when 

differentiation is blocked, such as when Pnt is depleted in the distal progenitors. That EGFR 

functions in both G2 exit and in differentiation is well supported by our data, but this does not 

rule out that another RTK, such as the two FGFRs (Htl117 and Btl35), might also be involved in 

these processes in a partially redundant manner. Additional such Pnt-dependent activities, if 

present, will not fundamentally alter the model.  

The ability to maintain a reserve number of progenitors while also allowing a small 

number of them to escape their status quo and differentiate along a spatial boundary within the 

confines of a hematopoietic organ requires an intimate spatio-temporal link between the 

mechanisms that control cell cycle and those that favor differentiation. What is so elegant about 

how hematopoiesis achieves this is the combinatorial use of various forms of a very small 

number of signaling systems. This is particularly valuable since a large majority of the 

progenitors that are maintained are not in direct contact with their niche, and this contrasts with 

the very small populations of traditionally defined stem cells that are kept quiescent by their 

proximity to neighboring niche cells129. Unlike transient amplifying cells, the hematopoietic 
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progenitors become “quiescent” for a significant proportion of the time that they are maintained, 

but they utilize a very different strategy than what stem cells employ. They achieve their period 

of quiescence by lengthening G2, rather than G1/G0. 

This strategy might be considered wasteful as G2 arrest implies that the entire 

population is made up of cells with replicated DNA (4N) over a long period of time risking 

damage and yet unable to perceive signals that would directly result in differentiation. We 

speculate that an undeniable advantage that this affords to a progenitor is that it can very 

rapidly respond to environmental stress and infection and produce the repertoire of immune 

cells akin to those of the myeloid lineage without first having to replicate its DNA in an S-phase. 

In fact, past work has established that induction of such environmental stress causes a rapid 

deployment of immune cells rather than significant increases in the progenitor population. 

Furthermore, work from our lab and others have found that the same signaling pathways 

employed here to maintain homeostasis are also co-opted and function in response to 

nutritional stress81 (Wnt) and immune challenge130 (EGFR). Such dual signaling mechanisms 

allow for maintaining a homeostatic balance between hematopoietic progenitors and their 

differentiated progeny and also provide a means to tune that balance in response to stress, a 

key feature of the hematopoietic system across species.   

Several aspects of Drosophila hematopoietic development are conserved in humans. Of 

the two major branches of mammalian hematopoiesis, it is the one leading to the myeloid 

lineage that is ancient in evolution, with cell types similar to macrophages conserved in very 

primitive invertebrates. The notion that generation of myeloid cell type diversity, important for 

sensing stress, inflammation, and innate immune challenge, is more a function of the 

multipotent progenitors than of the rarely dividing HSCs is gathering strength in recent 

mammalian studies131. Whether this means that, in humans, a large progenitor pool is 

maintained in vivo and utilizes a controlled mechanism similar to that we see in this study is a 

matter of speculation. But given the past history of conserved mechanisms between Drosophila 

and mammals, it seems a likely possibility worthwhile to investigate in future studies. 
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Figure Titles and Legends:  

Figure 1: Hematopoietic progenitors are held in G2 phase of the cell cycle through 

sequestration and inactivation of Cdc25/String.  

(A) Schematic representation of functional zones of cells in the wandering third (w3rd) instar 

larval lymph gland (LG). The gray tube represents the dorsal vessel or heart, to which the LG 

lobes are attached. One lobe of the lymph gland is shown here and in the other panels. The 

Posterior Signaling Center (PSC; blue) consists of a population of cells with properties of a 

hematopoietic niche. The adjacent Medullary Zone (MZ) houses a heterogeneous group of 

hematopoietic progenitors (prog.; green). The Cortical Zone (CZ) contains differentiated 

hemocytes (diff. cells; magenta) and this zone continues to the distal periphery of the LG. 

Juxtaposed between the MZ and CZ, a small population of cells labeled Intermediate 

Progenitors (IPs; white) have transitional properties and belong to a zone named the 

Intermediate Zone (IZ).  
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(B-H) A GAL4/UAS driven Fly-FUCCI system is used to monitor the cell cycle status of 

individual progenitors (genotype: domeMESO-GAL4; UAS-FUCCI). GFP marks cells in G1 

(green). S phase (red) cells are marked by RFP. G2 (yellow) cells express both GFP and RFP.  

(B-E) Developmental stage-dependent FUCCI expression in the progenitor population. (B) early 

2nd, (C) late 2nd, (D) early 3rd, and (E) w3rd instar larvae. Most domeMESO-expressing 

progenitors are in G2 by the 3rd instar. The outline of the entire LG lobe (white dashes) is based 

on DAPI staining omitted here for clarity.  

(F) Quantitative analysis of FUCCI expression in individual progenitors of w3rd instar larvae. 

Nearly 80% of the progenitors are in G2, with a small percentage in S (13%) and in G1 (8%).  

(G) Quantitative analysis of total progenitor number over developmental time. The number of 

progenitors significantly increases from early 2nd to late 2nd instar and from late 2nd to early 

3rd, but there is no significant change in the overall progenitor number between early 3rd and 

w3rd instar larvae. 

(H) Live imaging of a w3rd instar LG with progenitors expressing FUCCI. This panel shows a 

single slice from a z-stack (please see Movie 1 for a view of the entire LG). This image 

illustrates the preponderance of G2 (yellow) cells at this stage. The transmitted light image 

(gray) is superimposed to show the rest of the LG cells that are not progenitors as well as other 

associated larval tissues.  

(I) A representative image of a LG with marked progenitors (domeMESO>GFP; green), 

differentiating cells (Hml-DsRed; magenta), and double positive intermediate progenitors (white 

due to the combination of green and magenta).  

(J-J’’) Flow cytometric DNA content analysis (Hoescht) of dissociated cells from lymph glands 

with the genotype in (I). Most progenitors (J) have 4N DNA content (G2 phase), whereas 

significant numbers of intermediate progenitors (J’) and differentiating cells (J’’) show a mixture 

of 2N (G1) and 4N (G2) DNA content suggesting that these populations are no longer blocked in 

G2.  

(K-M’) High levels of G2 cyclins, Cyclin A (magenta; K, K’) and Cyclin B (magenta; L, L’), as 

well as the Cdc25 phosphatase String (magenta; M, M’) are seen in progenitors (GFP, green; 

demarcated by yellow dotted line). GFP expression is controlled by domeMESO-GAL4 (M, M’) or 

the related domeless-GAL4 (K-L’).  

(N-N”) Nup98-GFP (green) marks the nuclear envelope and DAPI (blue; N’) marks DNA. The 

lower (N) and higher (N’, N”) magnification views of the same LG lobe illustrate that 

Cdc25/String (magenta) is excluded from the nucleus and restricted to the cytoplasm.  

(O) Quantification of Cdc25/String staining data shown in (N).  
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(P) Overexpression of Cdc25 in the progenitors (UAS-Cdc25) causes a dramatic change in their 

cell cycle profile from predominantly in G2 (4N) in WT (red) to G1 (2N) in UAS-Cdc25 (blue).  

See also Movie 1 and Figure S1. 

 

Figure 2: Mechanistic basis for Cdc25 sequestration that leads to a prolonged G2 phase. 

(A-D) Compared with wild type (A), RNAi-mediated depletion of Chk1 (B), ATR (C), or 14-3-3ε 

(D) decreases the size of the progenitor population and increases the number of differentiated 

cells. Genotypes are as marked. GFP-positive progenitors (green), and Hml-positive cells 

(magenta) are shown for the middle third z-stack projections of representative lymph glands 

(LGs).  

(E-H’) Compared with wild type (E-E’), RNAi-mediated loss of Chk1 (F-F’), ATR (G-G’), or 14-3-

3ε (H-H’), show a reduction in the size of the progenitor population (F, G, H) and reduced levels 

of Cdc25 protein staining (F’, G’, H’). The LGs are marked with dome>GFP (progenitors; 

green), DAPI (DNA; blue), and anti-Cdc25 staining (magenta). For clarity, the progenitor 

population and the outer boundaries of the lymph gland are demarcated by yellow-dotted and 

white-dashed lines, respectively. 

See also Figure S2. 

 

Figure 3: Wnt signaling pathway components control progenitor maintenance and Cdc25 

levels.  

(A-F) Compared with wild type (A), RNAi-mediated depletion of Wnt signaling components 

Arrow/LRP6 (B), CDK14/Eip63E (C), Cyclin Y (D), CK1γ/Gish (E), as well as the Wnt-associated 

kinase Par-1 (F) all cause a reduction in the number of progenitors and increased differentiation. 

Genotypes are as marked. Quantitation using nuclear markers is shown in Figure S3. 

(G-L’) Compared with WT lymph glands (G,G’), RNAi-mediated loss of Wnt signaling-related 

proteins Arrow/LRP6 (H,H’), CDK14/Eip63E (I,I’), Cyclin Y (J,J’), CK1γ/Gish (K,K’), and Par-1 

(L,L’) all show a reduced progenitor population size (green; yellow-dotted line) and a major 

reduction in Cdc25 protein staining (magenta) in the remaining progenitors. The entire LG 

marked with DAPI/DNA is outlined with a white-dashed line. Markers: dome>GFP (green); 

DAPI/DNA (blue); anti-Cdc25 staining (magenta). 

See also Figure S3. 
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Figure 4: Wnt6 maintains progenitors in G2.    

(A-C) Compared to wild type (WT) (A), UAS-Wnt6-RNAiGD (B) in the progenitors (domeMESO-

GAL4) increases the size of the differentiated cell population (magenta; Hml-DsRed). (C-D) 

Quantification of data in (A-B) shows a reduction in the size of the progenitor population (C) and 

an increase in the size of the differentiated cell population (D).  

(E-F) Compared to wild-type lymph glands (E), UAS-Wnt6-RNAiKK (F) in the progenitors 

(dome>GFP) results in a dramatic reduction in Cdc25 protein expression (magenta).  

(G-H) RNAi-mediated depletion of Wnt6 (dome>FUCCI; UAS-Wnt6-RNAiKK) results in a 

reduction in the size of the progenitor population (G) and in the percent of progenitors in G2 

phase (H) compared with wild type at the same stage.  

(I) A model for a Wnt6 pathway-mediated signal that leads to cytoplasmic sequestration of 

Cdc25 and prolonged G2 phase. See text for details. 

(J, K) In wild-type (J), progenitors show Wnt6:HA staining (magenta). Expression of a 

constitutively active Ci/GLI (UAS-CiACT; equivalent to Hh pathway activation) (K) in the 

progenitors (domeMESO>GFP) causes a dramatic increase in Wnt6:HA expression (magenta).  

(L) Quantification of Wnt6:HA staining levels from data in (J) and (K). 

(M-P) Compared with wild type (M), RNAi-mediated depletion of Smo (N) in the progenitors 

(green; dome>GFP) causes a reduction in their population (O; domeMESO>GFP), and a reduction 

in the fraction of progenitor cells in G2 (dome>FUCCI) (P). 

(Q) Flow cytometric analysis of cell size (FSC-A) of the domeMESO>GFP population. A significant 

reduction in progenitor cell size is seen when Wnt6, its receptor LRP6, or Smo is depleted, but 

not upon the depletion of downstream proteins, Myt1 and Par-1.  

The GFP and DAPI channels in (E-F) and (J-K) are omitted for clarity but are used as the basis 

for demarcating the progenitor population (yellow dotted line) and the outer limits of the LG 

(white dashed line), respectively. 

See also Figure S4. 

 

Figure 5: Role of β-catenin in cell cycle regulation. 

(A-E) Compared with wild type (A), RNAi-mediated depletion of the β-catenin (B) results in an 

increased size of the progenitor population (green; domeMESO>GFP) and a significant reduction 

in differentiated cells (magenta; Hml-DsRed). (C-D) Quantification of data in (A-B’) shows that 

progenitor population size (expressed as the percentage of progenitors normalized to the total 

number of cells in each lymph gland) increases (C) while the total number of Hml-positive 

differentiating cells (IP or CZ) significantly decreases (D) upon RNAi-mediated depletion of β-
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catenin. In (E), quantification of FUCCI data (domeMESO>FUCCI) shows that there is no change 

in the fraction of progenitors in G2 upon depletion of β-catenin. Note that all the phenotypes of 

β-catenin loss (C-E) are the opposite of that seen upon loss of the Wnt6 pathway components 

described in earlier Figures 3-4. 

(F-J) RNAi-mediated depletion of Axin, a component of the destruction complex, in the 

progenitors (domeMESO>GFP; UAS-AxinRNAi), equivalent to constitutive Wnt pathway activation, 

causes a complete loss of differentiated cells (magenta; Hml-DsRed) and increased numbers of 

progenitors (green; domeMESO>GFP) (F). (G-H) The quantification of the results in (F) compared 

to WT. (I-J) Quantification of FUCCI data demonstrates a decrease in the fraction of the 

progenitor cells in G2 (I) with a huge increase in the fraction of progenitors in G1 (J) upon 

AxinRNAi. 

(K-L’) Location of progenitor cells in G1, S, and G2 (green, red, and yellow, respectively), as 

revealed by FUCCI analysis of wild type (K,K’) compared with AxinRNAi (L, L’), shows that the 

vast majority of additional G1 cells in AxinRNAi (L, L’) are located at peripheral edge of the 

progenitor population (furthest from the dorsal vessel). K’ and L’ are higher magnification views 

of the region within the boxes in K and L, respectively. 

(M-O) Subpopulations of progenitors distinguished by live imaging of an early 3rd instar (M) or 

mid 3rd instar (N) lymph gland using the genetic combination: Tep4-GAL4, UAS-mCherry; 

domeMESO-GFP (mCherry shown in magenta and GFP in green). All progenitors express 

domeMESO but only an inner subset of these cells, located closer to the heart than the rest, also 

express Tep4. This distinction is more apparent in earlier than in more mature larvae. These 

populations have been described by other investigators (citations in text), but their relative 

positions are best appreciated by live imaging. The Tep4-positive, dome-positive cells are 

referred to as “inner” or “core” progenitors. The Tep4-negative, dome-positive cells are the 

“outer” or “edge” progenitors. An idealized schematic is shown in (O). 

(P) Cell cycle status of progenitor subpopulations with either Tep4-GAL4 or domeMESO-GAL4 

driving UAS-FUCCI in early 3rd instar larvae. The total progenitor population (domeMESO-

positive) is greater than the core progenitor population (Tep4-positive) and a majority of these 

additional cells are in G2 or G1 phases of the cell cycle.  

(Q-T) Compared with wild type (Q), expression of AxinRNAi (R) exclusively in the core progenitors 

(Tep4>GFP; green) has no effect on differentiation (Hml-DsRed; magenta). This is quantified in 

(S) using a nuclear marker (Tep4>FUCCI) with equivalent genotypes. AxinRNAi also has no effect 

on the number of Tep4-positive progenitors in G1 phase (T). This contrasts with (F-H, J), where 

a similarly achieved activation of the Wnt pathway in all progenitors (domeMESO-GAL4) 
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completely inhibits the formation of differentiated cells and greatly increases the number of 

domeMESO-positive progenitors in G1.  

See also Figure S5. 

 

Figure 6: E-Cadherin and dual function of β-catenin in spatially restricted zones.  

(A-A’’’) Wild-type lymph glands with all progenitors marked (domeMESO>GFP; green) are stained 

with a pan-anti-β-catenin antibody (red) (A). The antibody recognizes stabilized but non-nuclear 

protein that is seen in a honeycomb pattern at the cell surface of a subset of progenitors that are 

nearest to the dorsal vessel/heart (A’) but is absent from the cell surface of the outer 

progenitors closer to the distal edge. Higher magnification views (A”, A’’’) of the same lymph 

gland highlight the β-catenin expression (red) in only a subset of all progenitors (green).  

(B-C) phospho-specific anti-β-catenin antibody (anti-pY489-β-catenin) detects an active, nuclear 

form of β-catenin (magenta). (B, B’) When all progenitors are marked (domeMESO>GFP; green), 

nuclearly localized expression of activated β-catenin (magenta) is seen in distal (edge) 

progenitors with low expression of the progenitor marker (weak green), and also in their near 

neighbors, which are the most recent to have lost their progenitor markers (lack of green). No 

staining is detected in progenitors (green) nearest to the dorsal vessel/heart. (C) Higher 

magnification view of a similar lymph gland.  

(D-D’’) Wild-type lymph glands are doubly marked for all progenitors (domeMESO-EBFP direct 

fusion; cyan) and core (inner) progenitors (Tep4-GAL4, UAS-mCherry; magenta). Additionally, 

these glands are immunostained with anti-pY489-β-cat antibody (green). Nuclear pY489-β-

catenin (green) is seen in a subset of progenitors that are domeMESO-positive (weakly cyan) but 

are Tep4-negative (arrows). Neighboring differentiating cells (arrowheads) that are negative for 

both Tep4 (magenta) and domeMESO (cyan), also show evidence for active β-catenin expression. 

Core progenitors are Tep4-positive (magenta), and they do not express nuclear pY489-β-

catenin. (E) Quantitative analysis of lymph glands in (D-D’’) shows that Tep4-positive core 

progenitors lack pY489-β-catenin. 

(F) Quantitative analysis demonstrates a highly significant increase in the number of pY489-β-

catenin-positive progenitor cells upon RNAi-mediated loss of Axin.  

(G-G’) Representative examples of Axin-depleted lymph glands stained for active β-catenin, 

quantitated in (F). Compare with WT (B-B’). 

(H-H’’) high Ecad-GFP expressing cells (green) do not express significant levels of nuclear 

pY489-β-cat (magenta). DAPI channel (blue) in H” is omitted in (H,H’) for clarity. 
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(I) Over-expression of E-Cad in progenitors (Ecadoe; UAS-DEFL) causes a significant decrease 

in the number of pY489-β-cat-positive cells. 

(J) Loss of Abl in domeMESO-positive progenitors using independent loss of function constructs 

UAS-AblRNAi (BDSC 35327), UAS-AblRNAi (BDSC 28325), or a dominant negative version of Abl, 

UAS-AblK417N, each results in a significant decrease in the fraction of progenitors expressing 

nuclear pY489-β-catenin.  

(K-L’) pY412-Abl (magenta) and pY489-β-catenin (cyan) expression in wild-type lymph glands 

with progenitors marked (domeMESO>GFP; green). pY412-Abl levels increase in distal 

progenitors and differentiating cells. These cells also express pY489-β-catenin (cyan). Shown 

here in maximum intensity projections of several confocal slices (K-K”) or in magnified view of a 

single confocal slice (L,L’). pY412-Abl staining (magenta) appears as puncta in the cytoplasm 

and near the surface of the cell while pY489-β-catenin staining (cyan) is in the nucleus. 

(M,N) Compared with wild type (M), immunostaining intensity for pY412-Abl (magenta) greatly 

increases upon over-expression of wild-type EGFR (N).  

(O,P) RNAi-mediated loss of EGFR in progenitors (domeMESO>GFP) results in a significant 

decrease in the number of pY489-β-cat-positive cells (O) and a significant increase in the 

normalized fraction of the progenitor population (P). 

See also Figure S6. 

 

Figure 7: Linking cell cycle control with differentiation in distal progenitors. 

(A-C) Compared to WT (A), essentially no differentiating cells (Hml-DsRed; magenta) are seen 

upon RNAi-mediated knockdown of Pnt (B) in all progenitors (domeMESO>GFP; green). (C) 

Quantification of similar results using domeMESO>FUCCI demonstrates a significantly increased 

fraction of progenitors upon Pnt downregulation.  

(D-F) Similar to the analysis in (A-C), except with PntRNAi driven in only the core progenitors 

(Tep4>GFP; green). In contrast with the dramatic loss of differentiated cells in (B), loss of Pnt in 

the core progenitors has no effect on differentiation (Hml-DsRed; magenta) (magenta in D,E 

compared with A,B). (F) Quantitative analysis demonstrates that loss of Pnt in the core 

progenitors does not increase the size of the core progenitor population.  

(G-H) Quantification of the number of domeMESO-positive progenitors in each phase of the cell 

cycle (using domeMESO>FUCCI) seen upon gain of Wnt (AxinRNAi) (G) or loss of RTK pathway 

(PntRNAi) (H) compared to WT. (G) RNAi-mediated loss of Axin results in a significant increase in 

the number of the domeMESO-positive progenitors in G1 (green) and a significant decrease in G2 

(yellow), and S (red). (H) RNAi-mediated loss of Pnt results in a significant increase in the 
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number of the domeMESO-positive progenitors in all phases of the cell cycle including G2 

(yellow), G1 (green), and S (red). 

(I) A mechanistic model for the interconnected regulation of progenitor maintenance and 

differentiation in core and distal progenitors. Core progenitors are held in G2 phase through Hh 

and Wnt6 signaling resulting in the stabilization of cell cycle-related proteins and β-catenin. The 

concerted activation of EGFR, Abl, and pY489-β-catenin in the distal progenitors induces G2 

exit and differentiation. See Discussion for details. (Created with BioRender.com) 

Methods: 

Drosophila strains 

The Drosophila lines used in this study were from our lab stocks, the Bloomington Drosophila 

Stock Center (BDSC), the Vienna Drosophila Resource Center (VDRC), the National Institute of 

Genetics (NIG-Fly), or kind gifts from other labs as indicated in the associated chart. Briefly, 

lines from our lab stocks include: domeMESO>GFP HmlΔ-DsRed, domeMESO-EBFP2, CHIZ-GAL4 

UAS-mGFP (IZ-specific GAL442), Tep4>GFP HmlΔ-DsRed, domeless>GFP; Hml-DsRed, and 

domeMESO-GAL4 UAS-FlyFUCCI. Wnt6:HA was generated in this study through Recombinase-

Mediated Cassette Exchange (RMCE) of the GAL4 sequence with an HA tag in the Wnt6-

CRIMIC-TG4 line132 (RMCE performed by WellGenetics, Inc). The potency of the RNAi lines 

used have been confirmed and multiple RNAi lines were used to validate findings.  

 

Lymph gland dissection, immunostaining, and imaging 

Crosses were performed at 25°C and the resulting eggs were shifted to 29°C to 

maximize GAL4/UAS expression. Due to differences in the growth rates of individual stocks and 

crosses, larvae were developmentally staged according to age and size. Lymph gland size has 

been previously shown to be highly reproducible and stage-specific42. 1st instar larvae were 

chosen from vials ~24-48 hours after egg lay (hAEL), early 2nd instar larvae and late 2nd instar 

larvae were both chosen from vials ~48-72 hAEL and divided by the number of cells in the 

lymph gland into early 2nd (below 750) or late 2nd (above 750). Early 3rd and mid 3rd instar larvae 

were both chosen from vials ~72-96 hAEL and divided based on the size of the larva. Larvae 

that were found wandering up the size of the vials (~96-120 hAEL) and out of the food were 

designated wandering 3rd instar (w3rd) larvae. 

Lymph glands were dissected and processed as previously described32. Unless 

indicated otherwise in the figure legend, all stainings were performed on lymph glands from 
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wandering 3rd instar larvae. For Wnt stainings (Wg:GFP with anti-GFP, Wnt6:HA with anti-HA, 

and Ab4D4), 10% NGS in PBS was used for blocking and antibody incubations. E-cadherin 

staining was done as previously described97. For all other stainings, lymph glands were 

dissected into cold PBS and then fixed in 4% formaldehyde in PBS at room temp for 25 

minutes. After fixation, tissues were washed four times in PBS with 0.3% Triton X-100 (PBST) 

for 10 minutes each, blocked in 10% normal goat serum in PBST (blocking solution) for 30 

minutes, followed by incubation with primary antibodies in blocking solution overnight at 4°C. 

The following day tissues were washed four times in PBST for 10 minutes each, followed by 

incubation with secondary antibodies for 2-4 hours at room temperature. Samples were washed 

four times in PBST, with DAPI (1:500, Invitrogen) or ToPro-3 (1:1000, Invitrogen) added to the 

third wash to stain nuclei, and then placed into VectaShield mounting medium (Vector 

Laboratories) and mounted on glass slides. Lymph glands were imaged using a Zeiss LSM 880 

confocal microscope. All microscopy data are representative images from a total of 

approximately 10 biological replicates (n) in most cases. For each n, z-stacks were imaged, 

processed, and analyzed using ImageJ or Imaris software. For cell type and cell cycle 

quantifications, Imaris software was used to reconstruct a 3D volume from a z-stack and the 

spots feature was used to quantify individual cell types based on their fluorescence intensity 

values. ImageJ or Imaris was also used to assess protein staining levels. For all quantification 

graphs, the mean and standard deviation are shown and significance was calculated by 

unpaired t-test. All statistics were performed using Prism software (GraphPad) and p-values are 

shown in charts or figure legends as indicated. For space considerations, in some graphs p-

values are represented using asterisks as follows: n.s. if p>0.05; * if p≤0.05; ** if p≤0.01; *** if 

p≤0.001; **** if p≤0.0001. 

  The primary antibodies used are as follows: mouse anti-Wg (1:100; DSHB Ab4D4-c), rat 

anti-HA (1:100; Sigma clone 3F10), mouse anti-β-catenin (1:10; DSHB N2 7A1 Armadillo-s), 

rabbit anti-Cdc25/String (1:500; kind gift of Dr. Eric Weischaus), guinea pig anti-Cdc25/String 

(1:500; kind gift of Dr. Yukiko Yamashita), mouse anti-Cyclin B (1:10; DSHB F2F4-s), mouse 

anti-Cyclin A (1:5; DSHB A12-s), mouse anti-phospho-Y489-β-catenin (1:200; DSHB PY489-B-

catenin-c), rat anti-Ecad (1:50; DSHB DCAD2), rabbit anti-GFP (1:100; Invitrogen A-11122), 

rabbit anti-Pxn (1:500; kind gift of Dr. Jiwon Shim), mouse anti-dEGFR (1:100; Sigma C-274). 

Primary antibodies were detected with secondary antibodies conjugated to Cy3 (1:100; Jackson 

ImmunoResearch Laboratories), Alexa Fluor 633 (1:100), Alexa Fluor 555 (1:200), or Alexa 

Fluor 488 (1:200) (Invitrogen). 
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Live Imaging 

 Lymph glands were observed in their most native state by visualizing through the live 

larvae. Larvae were first transferred from vials into water-filled glass dishes on ice. The cold-

shocked larvae were then placed on glass slides with 5 drops of water and oriented 

perpendicular to the length of the glass. A glass coverslip was then carefully placed over the 

larvae and excess water was removed through capillary action to increase the pressure on the 

larva, which helped immobilize it. The size of the coverslip varied with the size of the larvae (1st 

and 2nd instar 22 mm x 22 mm, early 3rd instar 22 mm x 40 mm, and wandering 3rd instar 22 mm 

x 50 mm) in order to exert the correct amount of pressure without killing the larva. The prepared 

slide was viewed using a laser scanning confocal microscope (Zeiss LSM700). The coverslip 

was then shifted using a small wooden baton to rotate the larvae until the lymph gland was in 

the best position for imaging. The entire process (including imaging) was performed in less than 

15 minutes to minimize stress on the larva. 

 

Flow cytometry 

For DNA content analysis, dissociated lymph gland cells were fixed in 1 mL of 1% 

formaldehyde solution in PBS after being dissociated using the dissociation protocol described 

in Girard et al.41. Cells were incubated in fixative in low binding tubes for 30 minutes at 4°C on a 

shaker, then were spun down and washed with PBS. Fixed cells were resuspended in a solution 

of PBS containing NucBlue™ Live ReadyProbes™ Reagent (Hoechst 33342) and incubated at 

room temperature on a shaker for 30 minutes. Cells were transferred to 5 mL polystyrene tubes 

for flow cytometry analysis on the BD LSRII. Cells were gated to exclude doublets using FSC-H 

vs FSC-W and SSC-H vs SSC-W comparisons. Relative cell size was determined by comparing 

FSC-A measurements. The progenitor (GFP-positive) population was gated and average FSC-A 

in each mutant genotype was calculated relative to FSC-A measurements in the corresponding 

WT genotype performed on the same day with the same parameters.  

 

Single Cell RNA Sequencing Analysis 

See Girard et al.41 

Supplemental Figures: 

Movie 1: Z-stack time-lapse live imaging of a w3rd instar lymph gland with progenitors 

expressing domeMESO>FUCCI. The transmitted light channel (gray) is omitted from the images 

on the right for clarity and a white line outlining the periphery of the lymph gland is added. This 
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movie illustrates the preponderance of progenitors in G2 phase (yellow) at this stage of 

development.  

 
Figure S1: Hematopoietic progenitors are held in G2 phase of the cell cycle.  

(A-A’) Representative image of a lymph gland (LG) from a 2nd instar larva. Mitotic cells (arrows; 

identified by the morphology of the tubulin network) can be found throughout the progenitor 

population. (A’) higher magnification view of the region outlined with a dashed line in (A). 

Genotype: domeMESO-GAL4; UAS-GFP-Tubulin; UAS-Lgl-mCherry.  

(B-B’) Representative image of a LG from a 3rd instar larva. Mitotic cells (arrows; identified by 

the morphology of the tubulin network) are largely found at the distal edge of the progenitor 

population near the site of differentiation (identified by RFP/GFP-negative cells in which 

domeMESO-GAL4 has turned off and therefore these cells only show DAPI staining). (B’) higher 

magnification view of the region outlined with a dashed line in (B). Genotype: domeMESO-GAL4; 

UAS-RFP-Tubulin; UAS-Pon-GFP.  

(C-F) Live imaging of LGs expressing domeMESO>FUCCI in intact larvae at different stages of 

development. A similar cell cycle profile is seen in live imaging as that seen in fixed and stained 

tissues (Figure 1B-F). Live imaging better maintains the 3D structure of the LG. The periphery 

of the LG is indicated with a white dashed line as determined by transmitted light imaging. 

(G) Live imaging of a LG in late 2nd instar expressing domeMESO>FUCCI. G1 cells (green) are 

largely restricted to the edge of the progenitors near differentiating cells that have turned off 

domeMESO-GAL4 and therefore appear dark.  

(H) Scatter plot of the GFP and DsRed fluorescence levels observed in dissociated cells from 

Hml-DsRed, domeMESO>GFP LGs. GFP-positive progenitors (lower right), DsRed-positive/GFP-

positive intermediate progenitors (upper right), and Hml-DsRed-positive differentiating cells 

(upper left) can be separated into quadrants and gated. The DNA content of each of these 

gated populations is displayed in Figure 1J-J’’. 

(I) Representative LG expressing Fly-FUCCI in dome-positive progenitors (dome>FUCCI) with 

overexpression of Cdc25 (UAS-Cdc25), which results in a large increase in the number of G1 

(green) cells as compared to WT (LG shown in Figure 1E).  

(J-K) Quantitative analysis of cell cycle phases G2 (J) and G1 (K) in individual progenitors 

(dome>FUCCI). Compared to WT, overexpression of Cdc25 (UAS-Cdc25) significantly 

decreases the number of progenitors in G2 (J) and significantly increases the number of 

progenitors in G1 (K). 
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Figure S2: Prolonged G2 phase is important for maintaining the progenitor population 

and this pathway involves both classic and DNA damage-related cell cycle regulators.  

(A-B) Compared to wild type (WT) (A) (same image as in Figure 2A), RNAi-mediated depletion 

of classic G2/M regulators Myt1 (B) or Wee1 (C), in the progenitors (dome>GFP; green) 

decreases the progenitor population and increases the differentiated cells (Hml-DsRed; 

magenta). Middle third z-stack projections of representative lymph glands (LGs).  

(D) Quantitative analysis of the progenitor population from dome>FUCCI LGs. Compared to 

WT, RNAi-mediated loss of Myt1, Wee1, Chk1, and ATR all significantly decrease the size of 

the progenitor population.  

(E) Quantitative analysis of the cell cycle profile of progenitors (dome>FUCCI). Compared to 

WT, RNAi-mediated loss of Myt1, Wee1, Chk1, ATR, and 14-3-3ε all significantly decrease the 

fraction or percentage of progenitors in G2 phase.  

(F-K) Representative LGs expressing Fly-FUCCI in dome-positive progenitors (dome>FUCCI) 

from the genotypes analyzed in (D-E).  

 

Figure S3: Wnt signaling pathway components function to control progenitor 

maintenance and G2 cell cycle progression. 

(A) Quantitative analysis of progenitor population size from dome>FUCCI LGs. Compared to 

wild type (WT), RNAi-mediated loss of Wnt signaling pathway components Arrow/LRP6, CK1γ, 

CDK14/Eip63E, and Cyclin Y all significantly decrease the size of the progenitor population.  

(B) Quantitative analysis of progenitor population size from domeMESO>FUCCI LGs. Compared 

to WT, Par-1-RNAi significantly decreases the size of the progenitor population.  

(C) Quantitative analysis of the cell cycle profile of progenitors from dome>FUCCI LGs. 

Compared to WT, RNAi-mediated loss of Wnt signaling pathway components Arrow/LRP6, 

CK1γ, CDK14/Eip63E, and Cyclin Y all significantly decrease the percentage of progenitors in 

G2 phase. 

(D) Quantitative analysis of the cell cycle profile of progenitors from domeMESO>FUCCI LGs. 

Compared to WT, Par-1-RNAi significantly decrease the percentage of progenitors in G2 phase. 

 

Figure S4: Wnt6 maintains progenitors in G2.  

(A-H) Compared to wild type (A), RNAi-mediated depletion of Wnt ligands Wg (B), Wg and 

Wnt2 (C), Wnt3/5 (D), Wnt4 (E), Wnt8/D (G), or Wnt10 (H) in the progenitors (domeMESO-GAL4) 

does not increase differentiation (Hml-DsRed; magenta). Only the loss of Wnt6 (F) increases 

differentiation.  
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(I-J) Compared with wild type (w1118) (I), loss of Wnt6 (knockout line Wnt6KO) (J) results in 

increased differentiation as indicated by anti-Pxn staining to mark differentiating cells.  

(K) Immunostaining with anti-GFP shows Wg:GFP expression along the D/V boundary of the 

wing imaginal disc.  

(L) Ab4D4 (anti-Wnt) shows high immunostaining in the progenitor population in wild-type LGs. 

(M) Immunostaining with anti-GFP shows Wg:GFP expression is not detected in wild-type lymph 

glands from 3rd instar larvae. Genotype: Wg:GFP; domeMESO-GAL4.  

(N-P’) Immunostaining with anti-HA shows Wnt6:HA is expressed along the D/V boundary in a 

wild-type wing disc (N, N’). Expression of UAS-Wnt6-RNAi (O, O’) with dpp>GFP expressed 

along the A/P boundary results in loss of expression of Wnt6:HA within the intersecting region 

(white arrows). Wnt6:HA expression is not altered when UAS-Wg-RNAi (P, P’) is expressed 

along the A/P boundary. 

(Q) Wnt6 and smo transcript levels within individual progenitor cells show high correlation 

(r=0.95). Wnt6 transcript levels (normalized counts on the y-axis) and smo transcript levels 

(normalized counts on the x-axis) in the two progenitor populations identified in Girard et al.41 

(single cell RNA sequencing results; MZ1 and MZ2).  

(R) Compared to WT (M), overactivation of Hh signaling with a constitutively active Ci 

(domeMESO-GAL4; UAS-CiACT), does not change Wg:GFP levels in the lymph gland. 

(S) Flow cytometric DNA content analysis. Compared to WT (red), RNAi-mediated loss of Myt1 

(blue) in the progenitors (domeMESO>GFP) drastically changes the cell cycle profile of 

progenitors from predominantly in G2 (4N) in WT to largely in G1 (2N) in Myt1-RNAi LGs.  

 

Figure S5: Role of β-catenin in cell cycle regulation 

(A-C) Quantitation of cell cycle data (domeMESO>FUCCI) demonstrates that compared to wild 

type, RNAi-mediated loss of Axin (AxinRNAi) (activation of the Wnt pathway) results in a 

significant increase in the number of progenitors in G1 phase (A), a significant decrease in the 

number of progenitors in S phase (B), and a significant decrease in the number of progenitors in 

G2 phase (C). 

(D-E) Representative images of fixed wild-type lymph glands from early 3rd instar expressing 

Tep4-GAL4, UAS-FUCCI (D) or domeMESO -GAL4, UAS-FUCCI (E). 

(F) Live imaging of a lymph gland from an early 3rd instar larva expressing domeMESO>FUCCI 

shows that while most progenitors are in G2 (yellow), core progenitors near the heart (outlined 

with a solid white line) can be seen in S phase (red) in early 3rd instar larvae.  
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(G-I) Compared to WT (G), RNAi–mediated loss of Wee1 (H) or Myt1 (I) in Tep4-positive 

progenitors (Tep4>GFP) increases differentiated cells (Hml-DsRed; magenta) and decreases 

Tep4-positive progenitors (green). 

(J) Quantitation of the number of the differentiating cells (Tep4-negative cells) in lymph glands 

expressing Tep4>FUCCI. Compared with wild type (WT), RNAi–mediated loss of Wnt6, LRP6, 

or Par-1 significantly increases the number of differentiating cells. 

 

Figure S6: E-Cadherin and dual function of β-catenin in spatially restricted zones  

(A-A’’’) E-cadherin-negative, domeMESO-EBFP expressing progenitors (green) can be seen 

outside of the high E-cadherin (magenta) expression region (yellow dotted line) nearer to the 

distal edge of the lymph gland (white dashed line). (B,B’) Higher magnification views show that 

most E-cadherin-negative, domeMESO-positive progenitors (arrowheads) are not intermediate 

progenitors as they lack CHIZ-GAL4, UAS-mGFP (cyan; arrows), a marker of the intermediate 

zone42. Immunostaining with anti-E-cadherin antibody (magenta).  

(C,C’) Immunostaining of wild-type lymph glands expressing domeMESO-GAL4, UAS-GFP 

(green) with anti-pY489-β-cat (magenta) shows that phospho-β-catenin is localized to the 

nucleus of some progenitors (green) closer to the distal edge of the progenitor population 

(yellow dotted line) as well as GFP-negative differentiating cells (which no longer express 

domeMESO-GAL4) near the distal edge of the lymph gland (white dashed line). DAPI/DNA (blue). 

(D) Quantitation of data from Figures 6B,B’ and 6G,G’ shows a significant increase in the total 

number of pY489-β-catenin-positive cells upon RNAi-mediated loss of Axin.  

(E) Quantitation of FUCCI results (domeMESO>FUCCI immunostained with anti-pY489-β-cat) 

shows that, compared to WT, a significant increase in the number of pY489-β-cat-positive 

progenitors in G1 is seen upon RNAi-mediated loss of Axin with a larger fraction of pY489-β-cat-

positive progenitors in G1 than in G2. 

(F-F’) pY412-Abl levels increase in progenitors (domeMESO>GFP; green) and differentiating cells 

(domeMESO-negative) near the distal edge of the lymph gland (white dotted line). Maximum 

intensity projection of several confocal slices. 

(G-G’) single confocal slice shows anti-pY412-Abl staining (magenta) in puncta in the cytoplasm 

and in a honeycomb pattern at the cell surface. (G’) higher magnification view. 

(H,I) Corresponding images from Figure 6M,N displaying fluorescent channels for both 

domeMESO>GFP (green) and anti-pY412-Abl staining (magenta). 
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(J-K’) In wild-type lymph glands (J-J’) high levels of dEGFR staining (Drosophila EGFR; 

magenta) can be seen throughout the progenitor population (domeMESO>GFP; green) but is 

largely reduced upon RNAi-mediated loss of EGFR (K-K’). Single confocal slices.  
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Wnt8-RNAi or WntD-RNAi (Wnt8/D-RNAi) VDRC: 107727-KK 

Wnt10-RNAi VDRC: 100867-KK 

Arm-RNAi or Beta-catenin-RNAi BDSC: 31305 

Axin-RNAi BDSC: 31705 

Abl-RNAi BDSC: 35327 

Abl-RNAi BDSC: 28325 

UAS-Abl(K417N) or UAS-Abl(DN) BDSC: 8566 

UAS-EGFR.2(wt) BDSC: 9535 

EGFR-RNAi VDRC: 43267-GD 

 
 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 1, 2023. ; https://doi.org/10.1101/2023.06.29.547151doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.29.547151
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 1, 2023. ; https://doi.org/10.1101/2023.06.29.547151doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.29.547151
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 1, 2023. ; https://doi.org/10.1101/2023.06.29.547151doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.29.547151
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 1, 2023. ; https://doi.org/10.1101/2023.06.29.547151doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.29.547151
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 1, 2023. ; https://doi.org/10.1101/2023.06.29.547151doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.29.547151
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 1, 2023. ; https://doi.org/10.1101/2023.06.29.547151doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.29.547151
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 1, 2023. ; https://doi.org/10.1101/2023.06.29.547151doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.29.547151
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 1, 2023. ; https://doi.org/10.1101/2023.06.29.547151doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.29.547151
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 1, 2023. ; https://doi.org/10.1101/2023.06.29.547151doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.29.547151
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 1, 2023. ; https://doi.org/10.1101/2023.06.29.547151doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.29.547151
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 1, 2023. ; https://doi.org/10.1101/2023.06.29.547151doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.29.547151
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 1, 2023. ; https://doi.org/10.1101/2023.06.29.547151doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.29.547151
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 1, 2023. ; https://doi.org/10.1101/2023.06.29.547151doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.29.547151
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 1, 2023. ; https://doi.org/10.1101/2023.06.29.547151doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.29.547151
http://creativecommons.org/licenses/by-nc-nd/4.0/

