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Abstract

Background: The JAK/STAT signaling pathway regulates a variety of cellular processes.  A 
major activation event in this pathway involves the phosphorylation of a tyrosine of STAT, 
converting unphosphorylated STAT (uSTAT) to phosphorylated STAT (pSTAT), an active 
transcription factor.  In a non-canonical role, uSTAT contributes to the maintenance of 
heterochromatin stability.  As such, an increase in pSTAT concurrently reduces uSTAT, 
resulting in heterochromatin loss, as observed in Drosophila somatic tissues.  Paradoxically, an 
opposing phenomenon occurs in Drosophila male germline stem cells (GSCs), where the 
JAK/STAT pathway remains persistently active due to a continuous supply of ligands.  Here, 
computational simulations were employed to dissect JAK/STAT pathway activation under 
different cellular contexts, mimicking somatic and germline cells.  In these simulations, ordinary 
differential equations were leveraged to replicate the chemical reactions governing JAK/STAT 
signaling under different conditions.  
Results: The outcomes indicate that transient ligand stimulation, typical in somatic tissues, led 
to a momentary reduction in uSTAT levels. Conversely, sustained ligand stimulation, a 
characteristic feature of the GSC niche, resulted in elevated uSTAT levels at equilibrium.  
Conclusion: The simulation suggests that the duration of ligand exposure could explain the 
observed opposite effects of JAK/STAT activation on heterochromatin in somatic versus 
germline stem cells.

Introduction
The canonical Janus kinase/Signal Transducer and Activator of Transcription (JAK/STAT) 
pathway is activated when extracellular ligands, such as cytokines or growth factors, bind to cell 
surface receptors.  This triggers intracellular JAK activation, leading to the phosphorylation and 
activation of STAT proteins, which subsequently translocate to the nucleus, orchestrating the 
expression of target genes 1-3.  In Drosophila, the JAK/STAT pathway comprises several key 
components, including the interleukin-like ligands Unpaired (Upd) proteins, a membrane receptor 
Domeless (Dome), a single JAK kinase Hopscotch (Hop), and a single STAT protein, STAT92E 
2, 4-6.  This canonical JAK/STAT pathway is auto-regulated by negative feedback mechanisms, 
involving negative regulators such as Protein Tyrosine Phosphatase (PTP), Suppressor of 
Cytokine Signaling (SOCS), and Protein Inhibitors of Activated STAT (PIAS) family proteins 2, 4-6 
(Figure 1).  In Drosophila, two STAT target genes, Socs36E and Ptp61F, have been identified as 
negative regulators of JAK/STAT signaling, forming a critical negative feedback loop 7-9.  These 
negative regulators contribute to the autoregulation of the JAK/STAT pathway, with PTP61F, in 
particular, dephosphorylating tyrosine residues of JAK and STAT 7, thereby modulating the 
balance between pSTAT and uSTAT.  

Previous studies have uncovered noncanonical JAK/STAT signaling, where JAK 
activation counteracts heterochromatin formation in Drosophila 10, 11 and in human leukemia and 
stem cells 12-15.  It has been demonstrated that a portion of unphosphorylated STAT (uSTAT) 
proteins reside in the nucleus in association with Heterochromatin Protein 1 (HP1), thereby 
stabilizing heterochromatin formation.  Conversely, STAT activation through phosphorylation 
leads to its dispersal, resulting in HP1 delocalization and heterochromatin loss 2, 16.  Therefore, 
the concentration of uSTAT is particularly important for regulating heterochromatin formation as 
a non-canonical STAT function 10, 16.

The JAK/STAT pathway serves numerous biological functions and is essential for the 
maintenance of Drosophila male germline stem cells (GSCs), which offers a valuable model for 
the study of stem cell regulation 17-21.  In Drosophila testis, hub cells, known as the GSC niche, 
continuously secrete the ligand Upd, resulting in the sustained activation of the JAK/STAT 
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pathway in GSCs and somatic cyst stem cells (CySCs), instructing their self-renewal.  Studies 
have shown that overexpression of Upd greatly increases GSC number, whereas hop loss-of-
function mutant flies lose all GSCs in testes and are male sterile, and GSCs that have lost stat92E 
are unable to self-renewal 22.  Although later studies have shown that JAK/STAT activation is 
required not in GSCs, but rather in the adjacent somatic CySCs, which in turn maintains GSCs, 
and that STAT activation in GSCs functions to merely ensure their adhesion to the hub 23, 24, 
contrasting studies have shown that CySCs are dispensable for GSC maintenance 25, and that 
JAK/STAT activation in GSCs is required for their maintenance 26, 27, possibly through regulating 
cytokinesis 28.  Moreover, it has been shown that STAT is required in GSCs for male sex identity 
through Phf7 29, for adhesion to the niche through E-Cadherin 24, for GSC survival 30, and for F-
actin regulation in GSCs 31.  Recent research has further highlighted the necessity of both 
canonical and non-canonical functions of STAT in GSC maintenance, in part, through regulating 
heterochromatin formation 32.   

As the stem cell niche, hub cells at the testis tip region provide a continuous supply of Upd 
ligand, resulting in sustained JAK/STAT pathway stimulation in adjacent GSCs and CySCs 22, 33.  
In somatic tissues, however, JAK/STAT is activated only under certain physiological situations, 
by transient increases in ligands.  Paradoxically, in somatic tissues, transient activation of 
JAK/STAT signaling decreases heterochromatin 10, 16, whereas sustained activation of JAK/STAT 
signaling in GSCs increases heterochromatin formation 32.  This paradoxical observation raises 
the possibility that the JAK/STAT pathway may operate differently in somatic vs. germline cells, 
possibly due to differences in pathway components or regulators.  The present study employed 
mathematical simulations to elucidate how activation of the JAK/STAT pathway in the germline 
vs somatic cells could result in different biological consequences.  Ordinary differential equations 
and known physiological concentrations of JAK/STAT components were used to simulate the 
chemical reactions of the canonical STAT pathway activation under different durations of ligand 
stimulation.  These simulations unveiled that transient ligand exposure led to a momentary 
decrease in uSTAT levels, known to decrease heterochromatin formation.  Conversely, sustained 
ligand exposure culminated in elevated uSTAT levels at equilibrium, promoting heterochromatin 
formation.  These results suggest that the duration of ligand supply alone could account for the 
observed differences in heterochromatin regulation in somatic and germline stem cells. 

Results
The JAK/STAT regulatory network used in simulation
To computationally simulate JAK/STAT signaling in somatic vs germline tissues of Drosophila, a 
simplified signaling network was employed, which consisted of the core components of the 
pathway – a ligand Unpaired (Upd), a receptor (R), a JAK, a STAT, and two negative regulators, 
PTP and a SOCS.  The regulatory relationships among the components of this simplified 
canonical JAK/STAT pathway are schematically shown (Figure 1A).  This network of regulatory 
components functioned to control the levels and balance of unphosphorylated STAT (uSTAT) 
and phosphorylated (pSTAT), with the latter being the active transcription factor.  In addition to 
uSTAT itself, transcriptional induction of the negative regulators PTP and SOCS depended on 
the level of pSTAT, establishing a feedback regulatory loop (Figure 1B).  

For simulation purposes, activation of the JAK/STAT pathway is initiated by Upd binding 
to R, leading to the formation of activated or phosphorylated JAK (pJAK), which then binds to 
uSTAT and catalyzes its conversion into pSTAT.  The simulated protein-protein interactions and 
signaling events take place in a single compartment, obviating the need for translocation 
between the cytoplasm to the nucleus.  Furthermore, processes such as cell division or growth 
in volume were not considered due to the short time scale relevant to computer modeling.  
While it is acknowledged that Protein Inhibitors of Activated STAT (PIAS) also serve as negative 
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regulators of the JAK/STAT pathway 34, their transcription regulation remains unclear and, thus, 
was not included in the simplified regulatory network.  Lastly, SOCS, which inhibits JAK/STAT 
signaling by associating with and sequestering pJAK, was integrated into the streamlined 
version of the signaling network.  This simplified signaling network encompasses all essential 
components and regulatory mechanisms of the JAK/STAT pathway.

Chemical reactions and kinetics
The chemical reaction equations in modeling were derived from established knowledge of the 
canonical JAK/STAT pathway in both Drosophila and human cells 35.  Ordinary differential 
equations (ODEs) were formulated based on the chemical reaction equations to describe the 
dynamic changes in the pathway components.  

The system is initiated when the ligand Upd is bound to a Receptor-JAK complex [R][JAK] 
in a reversible reaction (eq 1), with a forward rate constant k1 and a reverse rate constant k1r.  

[Upd] + [RJAK]  [UpdRJAK]   (1)
𝑘1,  𝑘1𝑟

The association of Upd with the Receptor-JAK complex leads to the formation of 
phosphorylated JAK (pJAK).  Since phosphorylation is a covalent modification, this process is 
described as an irreversible reaction (eq 2), with a rate constant k2.  

(2)[UpdRJAK] 
𝑘2

 [UpdR] + [pJAK]  

Similarly, the reversible binding of uSTAT to pJAK results in the phosphorylation of 
uSTAT, converting it to pSTAT in an irreversible reaction (eq 3), with a rate constant k3.  

(3)[pJAK] + [uSTAT] ↔ [pJAK][uSTAT] 
𝑘3

 [pJAK] + [pSTAT]  

In addition, pSTAT and pJAK can be dephosphorylated by the protein phosphatase PTP, 
resulting in the conversion of pSTAT to uSTAT and pJAK to JAK.  These are irreversible 
reactions (eq 4-5) with rate constants k4 and k5. 

[pJAK]+[PTP]  [pJAK][PTP]  [JAK] + [PTP]  (4)↔
𝑘4

[pSTAT] + [PTP]  [pSTAT][PTP]   [PTP] + [uSTAT]  (5)↔
𝑘5

Lastly, SOCS inhibits pJAK by directly binding to pJAK or the receptor-pJAK complex, 
forming an inactive complex, thereby blocking the protein kinase activity toward STAT 36.  The 
reversible reaction is described in (eq 6) with forward and reverse rate constants k6 and k6r.

[SOCS] + [pJAK]  [pJAKSOCS] (6)
𝑘6,  𝑘6𝑟

The above protein-protein interactions, chemical reactions, and kinetics were 
incorporated to derive a set of ODEs in the following to describe how the concentrations of the 
signaling components dynamically change over time.  For example, the binding of the ligand 
Upd leading to the formation of the UpdRJAK complex is described in the following ODE (eq 
7).
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(7)
𝑑[𝑈𝑝𝑑𝑅𝐽𝐴𝐾]

𝑑𝑡 = 𝑘1[𝑈𝑝𝑑][𝑅𝐽𝐴𝐾] ―𝑘1𝑟[𝑈𝑝𝑑𝑅𝐽𝐴𝐾] ―𝑘2[𝑈𝑝𝑑𝑅𝐽𝐴𝐾], 

where the first two terms represent association and dissociation between Upd and RJAK; and 
the third term is the loss of the UpdRJAK complex due to pJAK formation, as described in 
Eq.2.

The complex UpdRJAK formation leads to the phosphorylation of JAK, producing pJAK, 
which is described in the following ODE (eq 8). 

, (8)
𝑑[𝑝𝐽𝐴𝐾]

𝑑𝑡 = 𝑘2[𝑈𝑝𝑑𝑅𝐽𝐴𝐾] ―𝑘4[𝑝𝐽𝐴𝐾][𝑃𝑇𝑃] ―𝑘6[𝑝𝐽𝐴𝐾][𝑆𝑂𝐶𝑆] +𝑘6𝑟[𝑝𝐽𝐴𝐾𝑆𝑂𝐶𝑆]

where the first term is the rate of pJAK production, as described above; the second term 
describes the loss of pJAK due to dephosphorylation by PTP, an irreversible process; and the 
third and fourth terms describe the reversible association between pJAK and SOCS, 
sequestrating pJAK.

Phosphorylation of uSTAT to form pSTAT is an important step in JAK/STAT signaling, 
which can be described in the following ODE (eq 9).

, (9)
𝑑[𝑝𝑆𝑇𝐴𝑇]

𝑑𝑡 = 𝑘3[𝑝𝐽𝐴𝐾][𝑢𝑆𝑇𝐴𝑇] ―𝑎1[𝑝𝑆𝑇𝐴𝑇] ―𝑘5[𝑃𝑇𝑃][𝑝𝑆𝑇𝐴𝑇]

where the first term describes the rate of pSTAT production from the pJAKuSTAT complex; the 
second term represents pSTAT degradation; and the third term for the irreversible 
dephosphorylation of pSTAT.

Since pSTAT functions as a transcription factor capable of inducing its own expression 
(autoregulation), the rate of uSTAT synthesis is dependent on the concentration of pSTAT 
dimers, which is half of pSTAT monomer concentration, as described by the following 
differential equation (Eq.10).  

(10)
𝑑[𝑢𝑆𝑇𝐴𝑇]

𝑑𝑡 =
𝑎2[𝑝𝑆𝑇𝐴𝑇]

2 +𝑎3 ― 𝑎4[𝑢𝑆𝑇𝐴𝑇] +𝑘5[𝑝𝑆𝑇𝐴𝑇][𝑃𝑇𝑃] ―𝑘3 [𝑝𝐽𝐴𝐾][𝑢𝑆𝑇𝐴𝑇],

where the first term represents the increase of uSTAT due to pSTAT dimer-dependent 
transcription, with rate proportionality constant a2.  The second term represents a basal level of 
uSTAT production, at rate a3, which is not regulated by pSTAT.  The third term represents 
uSTAT degradation, with rate constant a4.  The fourth term represents the formation of uSTAT 
from pSTAT dephosphorylation.

Since the transcriptional regulation of PTP depends on pSTAT, as described in the 
following ODE equation.

(11)
𝑑[𝑃𝑇𝑃]

𝑑𝑡 =
𝑎5[𝑝𝑆𝑇𝐴𝑇]

2 +𝑝 ― 𝑎6[𝑃𝑇𝑃]

where a5 is the rate constant of pSTAT-dependent PTP synthesis; a6 represents the rate 
constant for PTP degradation.  p represents a basal level PTP production independent of 
pSTAT.

Similarly, the transcriptional regulation of SOCS also depends on pSTAT dimer 
concentration, as described in the following ODE equation. 
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, (12)
𝑑[𝑆𝑂𝐶𝑆]

𝑑𝑡 =
𝑎7[𝑝𝑆𝑇𝐴𝑇]

2 +𝑠 ― 𝑎8[𝑆𝑂𝐶𝑆] ― 𝑘6[𝑝𝐽𝐴𝐾][𝑆𝑂𝐶𝑆] + 𝑘6𝑟[𝑝𝐽𝐴𝐾𝑆𝑂𝐶𝑆]

where a5 is the rate constant of pSTAT-dependent SOCS synthesis; a6 represents the rate 
constant for SOCS degradation.  s represents a basal level SOCS production independent of 
pSTAT  In addition, The last two terms describe changes in SOCS concentration as it reversibly 
associates with pJAK.

Lastly, changes in SOCSpJAK complex formation is described in the following ODE equation,

, (13)
𝑑[𝑝𝐽𝐴𝐾𝑆𝑂𝐶𝑆]

𝑑𝑡 = 𝑘6[𝑝𝐽𝐴𝐾][𝑆𝑂𝐶𝑆] ― 𝑘6𝑟[𝑝𝐽𝐴𝐾𝑆𝑂𝐶𝑆]

where k6 and k6r are the forward and reverse rate constants, as in Eq. 6.

Simulation of JAK/STAT signaling with different Upd duration
The above set of ODEs, representing the kinetics of JAK/STAT signaling pathway, was used for 
simulation with MATLAB.  The kinetic parameters (rate constants) and initial concentrations were 
from previous reports of the human JAK/STAT pathway 35, 37, or were arbitrarily chosen to derive 
an activation curve based on known characteristics of the JAK/STAT pathway.  The initial 
concentrations of uSTAT, PTP, and SOCS were set at 10, 1, and 1 nM, respectively.  JAK and R 
concentrations were maintained at constant levels with slow production and turnover rates 
unaffected by signaling activities, whereas the levels of uSTAT, PTP, and SOCS are additionally 
regulated by JAK/STAT signaling, as previously reported 2, 4-6.

To validate the selection of parameters, a parameterization analysis was conducted with 
varying time intervals and concentrations of Upd to assess the pathway’s sensitivity and stability 
to ligand stimulation.  Various scenarios were tested, comparing the time course of stimulating 
the pathway with Upd concentrations at 0.1, 1, 5, and 10 nM for durations of 1, 5, 10, and 20 
minutes.  The analysis revealed that Upd concentration and duration primarily influenced the 
magnitude of pJAK and pSTAT formation.  Importantly, after stimulation in each scenario, the 
levels of uSTAT and other components returned to pre-stimulation levels when the system 
reached equilibrium (Figure 2), demonstrating that the signaling pathway modeled with the 
chosen parameters exhibits robustness and stability.  It could tolerate large variations in the 
quantity or duration of stimulation.  For subsequent analyses, Upd stimulation at 1 nM for 10 
minutes was chosen.

The dynamics of JAK/STAT signaling were simulated under two distinct conditions: pulsed 
ligand stimulation, representing what occurs in somatic tissues (except for CySCs), and sustained 
ligand stimulation, mimicking the situation in the GSC niche, where CySCs are also present but 
indistinguishable from GSCs in this model.

Results from the simulations indicate that a pulse of Upd ligand stimulation initially 
increases pSTAT levels, while decreasing uSTAT levels, and pSTAT and uSTAT will return to 
steady-state concentrations over time (Figure 3A).  However, when Upd is present constantly, 
as in the GSC niche, cells can maintain a 2-fold elevated uSTAT level at equilibrium (from 10.0 
to 19.2 nM) (Figure 3B).  In both cases, ligand Upd engagement causes an initial peak of pSTAT 
and a simultaneous significant drop in uSTAT levels.  This initial reduction in uSTAT levels could 
potentially destabilize heterochromatin, which aligns with prior observations in somatic tissues 16.  
However, the sustained elevation of uSTAT levels seen in GSCs could promote heterochromatin 
formation.  This simulation is consistent with observations of high STAT levels in GSCs detected 
with antibodies specific for total STAT92E 23, 29, 38-40 and the presence of high levels of 
heterochromatin important for GSC maintenance 32, 41.  Thus, sustained activation of the 
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JAK/STAT pathway, as occurs in GSCs, can lead to the accumulation of high levels of uSTAT, 
which favors heterochromatin formation.

Effects of JAK mutations on the system output
In Drosophila, the JAK kinase is encoded by the gene hopscotch (hop), located on the X 
chromosome 42.  The hypomorphic loss-of-function hop mutant allele hop25 carries a Q246K 
mutation within the JH6 domain, presumably reducing its kinase activity 43, presumably causing 
physiological consequences including lethality.  Indeed, hemizygous hop25 males usually do not 
survive to the adult stage, and the rare escapers are sterile with reduced testes and loss of 
GSCs.  

In simulating JAK/STAT signaling in hop25 mutants, the forward rate constant k2 in eq. 2 
was lowered by 100-fold to reflect a much slower rate of formation of functional pJAK, while all 
other parameters remained unchanged.  With a slower rate of pJAK formation, the same Upd 
stimulation had little effects in somatic cells, such that uSTAT and pSTAT were little changed 
(Figure 4A), consistent with the lack of JAK/STAT signaling in hop25 mutant animals.  In GSCs, 
which receive sustained Upd stimulation, there was a slight increase in both uSTAT and pSTAT 
levels (Figure 4B).  However, the levels of uSTAT and pSTAT are much lower than in wild-type 
GSCs, consistent with the sterile phenotype of hop25 mutant male escapers.

On the other hand, the tumorous-lethal allele, hopTum-l, is a gain-of-function mutation due 
to a G341E amino acid replacement, resulting in a hyperactive JAK kinase 44-46.  Although the 
molecular mechanism remains unclear, the G341E substitution may disrupt negative 
autoregulation and make activation by phosphorylation easier.  One way to simulate the hopTum-l 

mutation is to increase the forward rate constant k2 in eq. 2 by 100-fold to reflect a much higher 
rate of pJAK formation in response to Upd, while keeping all other parameters unchanged.  In 
somatic cells with pulsed Upd stimulation, this mutation resulted in an initial decrease of uSTAT 
levels by 95%, followed by a spike before returning to normal levels (Figure 5A).  The steeper 
initial drop in uSTAT levels might account for the heterochromatin disruption observed in 
somatic tissues of hopTum-l mutants 10.  In contrast, in GSCs with sustained Upd stimulation, this 
mutation led to a 2.5-fold elevated uSTAT level to 24.6 nM at steady state, despite a similar 
initial decrease (Figure 5B), consistent with the observed higher uSTAT levels heterochromatin 
levels in GSCs 32.  GSCs having higher levels of uSTAT, as detected by antibodies against total 
STAT, have been previously reported 38-40. 

Alternatively, the hopTum-l mutation could lead to constitutive activation of JAK regardless 
of Upd stimulation.  To simulate this scenario, pJAK is supplied at a constant 3 nM.  Since the 
difference in Upd production is now irrelevant, certain parameters need to be adjusted to 
differentiate somatic cells from GSCs.  If the rate of uSTAT degradation is slower by half in 
GSCs (a4=0.5) than in somatic cells (a4=1.0), a constant presence of pJAK led to a high 
concentration of uSTAT (36.4 nM) in GSCs at equilibrium, as compared with a low 
concentration of uSTAT (2.9 nM) in somatic cells (Figure 6A).  On the other hand, if the rate of 
PTP synthesis was adjusted to be slower in GSCs (a5=1.0) than in somatic cells (a4=10), a 
constant presence of pJAK resulted in a high concentration of uSTAT (37.0 nM) in GSCs, as 
compared with a low concentration of uSTAT (5.3 nM) in somatic cells (Figure 6B).  In either 
scenario, GSCs would contain much higher uSTAT and somatic cells would have lower levels of 
uSTAT than in normal situations.  These differences could also account for the lower 
heterochromatin in somatic cells and high heterochromatin in GSCs in hopTum-l mutant flies.  
Future experimental validation would be essential to confirm the actual mechanisms at play in 
these scenarios.

Discussion
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Computer simulations were employed to explore the dynamics of the JAK/STAT pathway in 
wildtype, hop gain-of-function, and loss-of-function mutants within somatic and germline tissues.  
Paradoxical observations have been documented in germline and somatic cells.  In somatic 
cells, JAK activation is known to reduce heterochromatin, while germline stem cells (GSCs) 
exhibit higher heterochromatin levels due to active JAK/STAT signaling sustained by continuous 
Upd secretion from the niche.  Additionally, GSCs accumulate higher STAT levels compared to 
somatic cells.  These disparities have led to speculations about differential behavior of the 
JAK/STAT pathway in germline versus somatic cells.  However, my simulations indicate that 
variations in the extracellular ligand stimulation mode, rather than differences in signaling 
components, can explain these distinct JAK/STAT signaling outcomes.

The simulations were based on the premise that GSCs receive constant Upd stimulation 
secreted by hub cells in the GSC niche 22, 33, while somatic cells, excluding CySCs, encounter 
transient Upd production in response to various physiological cues, such as immune reactions.  
Although CySCs, due to their small size, haven't undergone comprehensive examination 
regarding heterochromatin content, they reside in the same microenvironment as GSCs and 
receive Upd signals similarly. It's possible that CySCs also possess elevated heterochromatin 
levels.  The simulations were conducted using a set of ordinary differential equations derived 
from the chemical reactions governing the JAK/STAT signaling pathway. The results revealed 
that sustained Upd production leads to higher uSTAT levels at equilibrium, corroborating the 
observations of GSCs containing substantial uSTAT levels. Conversely, transient Upd 
production results in a temporary reduction of uSTAT, resembling the behavior in somatic 
tissues.  Results from these simulations are consistent with the observation that GSCs contain 
high levels of uSTAT 23, 29, 38-40.

It has been previously shown that both canonical and noncanonical functions of 
JAK/STAT signaling in GSCs are important for GSC maintenance 32.  Moreover, it has been 
shown that the central heterochromatin components such as HP1 and Su(var)3-9 
methyltransferase are required for GSC maintenance 41 and that GSCs have higher levels of 
heterochromatin, which is regulated by the non-canonical STAT function.  Further, both HP1 
and STAT are among the transcription targets of canonical JAK/STAT signaling in GSCs.  Thus, 
canonical and noncanonical functions of JAK/STAT signaling together regulate heterochromatin 
formation for GSC maintenance 32.

Computer simulations in the current study indicate that, in wild-type animals, the mode of 
Upd stimulation alone, without necessitating alterations in other signaling components or 
parameters, can predict the distinct outcomes of JAK/STAT signaling in germline vs somatic 
cells.  Continuous Upd supply results in higher levels of uSTAT at equilibrium, as observed in 
GSCs, while pulsed Upd production results in a transitory decrease of uSTAT, followed by a 
return to normal unstimulated levels.  This transitory decrease in uSTAT levels in somatic cells 
might cause a disruption in heterochromatin formation, while sustained high levels of uSTAT in 
GSCs might compensate for the initial decrease in uSTAT and lead to increased 
heterochromatin formation.  

It is important to acknowledge that the simulations in this study employed a simplified 
model of JAK/STAT signaling. While this simplification streamlines calculations, it may not 
consistently capture the intricacies of the actual cellular processes. For instance, the 
assumption of pSTAT dimer concentration being half of pSTAT monomer concentration for 
simplifying pSTAT dimerization oversimplifies reality, as not all pSTAT molecules exist in dimer 
form. Dimerization of pSTAT monomers should ideally follow thermodynamic reactions with 
associated rate constants, akin to other protein-protein interactions. Consequently, a 
comprehensive simulation that considers all chemical reactions might entail greater complexity 
than the streamlined version adopted in this study.

Furthermore, by modifying the rate of pJAK production, gain-of-function (hopTum-l) and 
loss-of-function (hop25) mutants were simulated.  Although these mutations may impact various 
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aspects of JAK protein, including protein stability and conformation, they ultimately influence the 
availability of functional pJAK.  Thus, the rate of pJAK formation was adjusted in the simulations 
to simplify the scenarios related to different hop mutations.  The simulation results indicated that 
increasing the pJAK production rate leads to a more pronounced initial uSTAT loss in cells, 
consistent with previous findings associated with the gain-of-function hopTum-l mutation 10.  
Notably, in GSCs subjected to the same gain-of-function JAK alteration, steady-state uSTAT 
levels are higher, a phenomenon previously linked to enhanced heterochromatin formation 2, 16.  
Although an initial loss of uSTAT after stimulation occurs in all scenarios, it is reasonable to 
speculate that the final steady-state uSTAT level plays a pivotal role in determining whether the 
initial loss uSTAT can be compensated for, influencing the ultimate heterochromatin content in 
cells. Additionally, the presence of steady-state pJAK in GCSs would increase the levels of 
HP1, a STAT target gene 32, further promoting heterochromatin formation.  This interpretation 
aligns with the observed higher heterochromatin content in Drosophila male GSCs 32.  Future 
studies are warranted to uncover the biological functions of heterochromatin in adult stem cell 
maintenance.

Experimental Procedures

Computer simulation of JAK/STAT signaling 

The JAK/STAT pathway was simulated using the MATLAB ODE45 function in MATLAB® 
Online™ (R2023a) to solve the first-order ordinary differential equations (ODEs) based on 
chemical reactions described in the text.  The following initial conditions or concentrations (nM) 
were used.  [RJAK]0=0.2; [uSTAT]0=10; [PTP]0=1; [SOCS]0=1; Other molecules were set to 0 
initiation concentration.  The system was run from 0 to 300 min to reach equilibrium.  The ligand 
Upd (1 nM) was added to the system at 30 min for 10 min (pulsed stimulation) or for the whole 
remaining duration (sustained stimulation).  First-order forward (k) and reverse (kr) rate 
constants are expressed in m-1.  The following rate constants were used.  k1=20; kr1=0.2; 
k2=0.1; k3=1; k4=0.1; k5=0.01; k6=20; kr6=0.1; a1= 0.01; a2=0.05; a3=0.2; a4=0.02; a5=0.05; 
p=0.01; a6=0.01; a7=0.05; s=0.005; a8=0.005.  
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Figure Legends

Figure 1.  JAK/STAT signaling components and network used for simulation
(A) Schematic representation of simplified JAK/STAT signaling pathway components and their 
regulatory relationships.  (B) Transcription factor pSTAT induces the expression of target genes 
uSTAT, SOCS, and PTP.

Figure 2.  Parameterization analysis for JAK/STAT signaling simulation
Changes in concentrations of the indicated JAK/STAT signaling pathway components over time 
(from 0 to 300 minutes) are shown following the addition of the ligand Upd at different 
concentrations and durations, as indicated.

Figure 3.  Simulated JAK/STAT signaling in wild-type somatic and germline stem cells
Changes in concentrations of the indicated JAK/STAT signaling pathway components over time 
(from 0 to 300 minutes) are shown.  [uSTAT] at 300 min is indicated. (A) somatic cells: 1 nM Upd 
was added at time 30 min for a duration of 10 min.  (B) GSCs: 1 nM Upd was added at time 30 
min for the remaining time.  

Figure 4.  Simulated JAK/STAT signaling in hop loss-of-function mutants
Changes in concentrations of the indicated JAK/STAT signaling pathway components over time 
(from 0 to 300 minutes) are shown.  In hop loss-of-function mutants, the rate of functional pJAK 
formation is 100-fold slower than in the wild type.  (A) somatic cells: 1 nM Upd was added at time 
30 min for a duration of 10 min.  (B) GSCs: 1 nM Upd was added at time 30 min for the remaining 
time.  

Figure 5.  Simulated JAK/STAT signaling in hop gain-of-function mutants
Changes in concentrations of the indicated JAK/STAT signaling pathway components over time 
(from 0 to 300 minutes) are shown.  In hop gain-of-function mutants, the rate of functional pJAK 
formation is 100-fold faster than in the wild type.  (A) somatic cells: 1 nM Upd was added at time 
30 min for a duration of 10 min.  (B) GSCs: 1 nM Upd was added at time 30 min for the remaining 
time. 

Figure 6.  Alternative simulations of JAK/STAT signaling in hop gain-of-function mutants
Changes in concentrations of the indicated JAK/STAT signaling pathway components over time 
(from 0 to 300 or 600 minutes) are shown without Upd exposure.  (A) The rate constant for uSTAT 
degradation is 1 in somatic cells vs 0.5 in GSCs.  (B) The rate constant for PTP synthesis is 10 
in somatic cells vs 1 in GSCs.  [uSTAT] at equilibrium is indicated
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