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Abstract 

Drug repurposing offers a time- and cost-efficient strategy for accelerating the development of 

anticancer therapies by leveraging the established safety profiles of existing pharmaceuticals. In this 

study, we examined the anticancer potential of three tetracycline analogues—chemically modified 

tetracycline-3 (COL-3), doxycycline (DOX) and minocycline (MIN), in leukemia by assessing their 

cytotoxic effects and modulation of the JAK2/STAT3 signaling pathway. Cytotoxicity was evaluated 

in K562, KG-1a and Jurkat cell lines using luminescence-based viability assays, whereas the 

mechanisms of cell death were analyzed by Annexin-V/7-AAD staining and Western blotting. COL-

3 displayed the highest cytotoxic potency across all cell lines, with Jurkat cells showing the greatest 

overall sensitivity. Flow cytometry revealed that tetracycline analogues primarily induced apoptosis, 

although the molecular mechanisms differed between cell lines. In K562 and KG-1a cells, apoptosis 

occurred largely through JAK2/STAT3-independent mechanisms, involving differential regulation of 

BCL-2 family proteins: COL-3 reduced BCL-2 expression, whereas DOX and MIN increased BAX 

expression. In contrast, Jurkat cell apoptosis correlated with suppression of phosphorylated JAK2 

and STAT3 and downregulation of BCL-2, implicating a JAK2/STAT3-dependent mechanism. Taken 

together, these findings demonstrate that tetracycline analogues exert cell line-specific anticancer 

activities through distinct molecular pathways. Among them, COL-3 emerges as the most potent 

analogue and acts through both JAK/STAT-dependent and -independent mechanisms. This work 

supports further investigation of COL-3 as a candidate for drug repurposing strategies in 

hematological malignancies. 

Keywords: JAK2/STAT3; tetracycline-3 (COL-3); doxycycline (DOX) and minocycline  
(MIN); leukemia 

 

1. Introduction 

Drug repurposing, also known as drug repositioning, has emerged as an attractive strategy for 

accelerating the development of cancer therapeutics. By identifying new indications for approved 

drugs with known safety, pharmacokinetic and toxicological profiles, this approach reduces the time 
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and cost associated with traditional drug discovery pipelines [1–3]. Increasing evidence supports the 

feasibility of repurposing antimicrobials as antineoplastic agents, particularly in settings where 

resistance, toxicity and limited durable responses remain significant clinical challenges [4–6]. 

 

Figure 1. Graphical Abstract: Mechanistically distinct apoptotic responses across leukemia subtypes support 

repurposing of tetracycline analogues in hematologic malignancies. 

Leukemia encompasses a heterogeneous group of hematological malignancies characterized by 

uncontrolled proliferation of hematopoietic cells. Although considered relatively uncommon, 

leukemia represents a substantial clinical burden. In the United States, approximately 61,090 new 

cases were reported in 2021, accounting for ~3% of all newly diagnosed cancers [7,8]. In children, 

leukemia constitutes nearly one-third of all cancers, with acute lymphoblastic leukemia (ALL) 

representing 75–80% of pediatric cases [9–11]. Among adults, chronic myeloid leukemia (CML) 

comprises ~15% of leukemia diagnoses and predominantly affects older individuals, with a median 

age at diagnosis of 65 years [12–14]. Despite advances in targeted therapy and hematopoietic stem 

cell transplantation, resistance, relapse and treatment-related toxicities remain major obstacles, 

underscoring the need for novel therapeutic strategies [15–17]. 

Recent developments in molecular oncology have deepened the understanding of signaling 

networks driving leukemic cell survival and proliferation. Among these, the Janus kinase/signal 

transducer and activator of transcription (JAK/STAT) pathway plays a pivotal role in cytokine-

mediated regulation of hematopoietic cell growth, differentiation and apoptosis. Aberrant JAK/STAT 

activation, whether driven by mutations, cytokine microenvironments or upstream kinase 

dysregulation, has been widely documented across leukemia subtypes and linked to therapeutic 

resistance and disease progression [18–20]. Inhibition of JAK kinases or blockade of STAT3 activation 

therefore represents a rational therapeutic approach, and several small-molecule inhibitors targeting 

this axis are currently under clinical evaluation. 

Parallel to these efforts, the tetracycline class of antibiotics—including doxycycline (DOX), 

minocycline (MIN) and chemically modified tetracycline-3 (COL-3)—has attracted attention due to 

reported anti-metastatic, antiproliferative and pro-apoptotic activities in solid and hematologic 

malignancies [18,21–24]. Unlike conventional chemotherapeutics, tetracycline analogues exert a 

broad spectrum of cellular effects including mitochondrial dysfunction, inhibition of matrix 

metalloproteinases, interference with mitochondrial protein translation and induction of oxidative 

stress. Importantly, their interactions with apoptosis-regulating proteins such as members of the 
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BCL-2 family suggest mechanistic links to intrinsic cell death pathways, making them attractive 

repurposing candidates. 

However, the extent to which tetracycline analogues modulate oncogenic signaling pathways 

such as JAK2/STAT3 in leukemia remains insufficiently characterized. Given the pathway’s centrality 

in leukemogenesis and treatment resistance, elucidating these interactions may provide insight into 

repurposing opportunities and reveal mechanistic dependencies that vary across leukemia subtypes. 

In this study, we investigated the cytotoxic effects of COL-3, DOX and MIN in three leukemia 

cell lines—K562, KG-1a and Jurkat—and examined their impact on cell death mechanisms and key 

signaling proteins. Specifically, we assessed modulation of the JAK2/STAT3 axis and the expression 

of BCL-2 and BAX, two major regulators of intrinsic apoptosis. Our findings reveal cell line-specific 

mechanistic responses and highlight COL-3 as the most potent analogue, acting through both 

JAK/STAT-dependent and independent pathways. These results support further evaluation of 

tetracycline derivatives as repurposed agents in hematologic malignancies. 

2. Materials and Methods 

2.1. Materials 

Doxycycline hyclate (DOX) and minocycline hydrochloride (MIN) were purchased from Sigma 

Aldrich (Stockholm, Sweden) as crystalline powders and dissolved in distilled water. Chemically 

modified tetracycline-3 (COL-3) was provided by CollaGenex Pharmaceuticals Inc. (Newtown, PA, 

USA) and Galderma R&D (Sophia-Antipolis, France) and dissolved in dimethyl sulfoxide (DMSO). 

RPMI 1640 medium supplemented with GlutaMAX™ and HEPES, fetal bovine serum (FBS), 

penicillin–streptomycin, phosphate-buffered saline (PBS) and other cell culture reagents were 

obtained from Gibco (Thermo Fisher Scientific). Additional reagents included MycoAlert™ 

Mycoplasma Detection Kit (Lonza), CellTiter-Glo® Luminescent Cell Viability Assay (Promega), PE 

Annexin V Apoptosis Detection Kit I (BD Biosciences), and standard Western blotting materials. 

Antibodies against JAK2, phospho-JAK2, STAT3, phospho-STAT3, BCL-2, BAX and β-actin and 

corresponding HRP-conjugated secondary antibodies were sourced according to manufacturers’ 

specifications. Catalog numbers for all reagents are provided in the supplementary materials. 

2.2. Cell Culture 

K562, KG-1a and Jurkat cell lines were maintained in RPMI 1640 medium supplemented with 

10% FBS and 1% penicillin–streptomycin at 37 °C in a humidified incubator with 5% CO2. KG-1a cells 

were cultured with 20% FBS. Cells were used at passage numbers below 10 to ensure consistency and 

were routinely screened for mycoplasma contamination using MycoAlert™, with only mycoplasma-

free cultures included in experiments. 

2.3. Cell Starvation and Activation of Jurkat Cells 

Jurkat cells were serum-starved for 4 h in RPMI 1640 to facilitate subsequent activation of the 

JAK2/STAT3 pathway. Activation was induced using pervanadate (PERV), a protein tyrosine 

phosphatase inhibitor that enhances tyrosine phosphorylation and thereby promotes JAK2 and 

STAT3 activation. After starvation, cells were treated with an activation mixture containing PERV 

and FBS for 15 min at room temperature, washed with PBS and resuspended in complete medium 

prior to treatment with tetracycline analogues. 

2.4. Drug Treatment Conditions 

Cells were divided into eight experimental groups per cell line, consisting of untreated controls, 

vehicle controls (0.1% DMSO), and two concentrations each of COL-3, DOX and MIN. Concentration 

ranges were selected based on pilot experiments to approximate IC50 values. Jurkat cells were 

additionally analyzed in activated and non-activated states. Detailed concentration schemes for each 

cell line are provided in Supplementary Table 1. 
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2.5. Cell Viability Assay 

Cytotoxicity was assessed using the CellTiter-Glo® Luminescent Cell Viability Assay according 

to the manufacturer’s instructions. Briefly, 1.5×104 cells were seeded per well in opaque 96-well plates 

and treated with drug concentrations for 24 h. CellTiter-Glo® reagent was added at a 1:1 ratio, mixed 

for 2 min and incubated for 10 min at room temperature to stabilize luminescence. Luminescence was 

recorded using a SpectraMax i3X plate reader and analyzed with SoftMax Pro 7. IC50 values were 

determined from nonlinear regression fits. 

2.6. Assessment of Cell Death Mechanisms 

Apoptosis and necrosis were evaluated by Annexin V/7-AAD staining. After treatment for 4 h 

and 24 h, cells were washed twice with cold PBS, resuspended in binding buffer and stained with PE 

Annexin V and 7-AAD for 15 min at room temperature in the dark. Samples were analyzed within 1 

h using a MACSQuant Analyzer 10. Populations were gated as viable (Annexin V−/7-AAD−), early 

apoptotic (Annexin V+/7-AAD−), late apoptotic (Annexin V+/7-AAD+) or necrotic (Annexin V−/7-

AAD+). Compensation controls were included for all fluorochromes. 

2.7. Protein Extraction and Western Blotting 

Cells (1×107) were lysed in RIPA buffer supplemented with protease and phosphatase inhibitors 

and incubated on ice for 30 min. Protein concentrations were determined using a BCA assay. Equal 

amounts of protein were mixed with sample buffer containing β-mercaptoethanol, denatured at 95 

°C for 5 min and separated on 4–15% SDS-PAGE gels. Proteins were transferred onto PVDF 

membranes overnight at 4 °C, blocked with 5% BSA in TBS-T for 2 h and probed with primary 

antibodies against JAK2, phospho-JAK2, STAT3, phospho-STAT3, BCL-2, BAX and β-actin. 

Membranes were incubated with HRP-conjugated secondary antibodies, washed and visualized 

using a LI-COR scanner. Band intensities were quantified with Odyssey or ImageJ software. 

2.8. Statistical Analysis 

Data are presented as mean ± standard deviation (SD) unless otherwise indicated. Comparisons 

among multiple groups were performed using one-way ANOVA followed by post hoc tests. 

Differences were considered statistically significant at p < 0.05. IC50 values were calculated using 

nonlinear curve fitting. All analyses were performed using GraphPad Prism 10. 

3. Results 

3.1. Cytotoxic Effects of Tetracycline Analogues in Leukemia Cell Lines 

The cytotoxicities of COL-3, DOX and MIN were evaluated in K562, KG-1a and Jurkat cells using 

CellTiter-Glo™. All compounds reduced cell viability in a dose-dependent manner, with potency 

varying among both analogues and cell lines. 

In K562 cells, COL-3 exhibited the lowest IC50 value (29.57 µg/mL; 95% CI: 21.42–41.23; R2 = 

0.9430), followed by MIN (178.5 µg/mL; 95% CI: 134.6–235.2; R2 = 0.9395) and DOX (238.6 µg/mL; 95% 

CI: 136.4–592.6; R2 = 0.9188) (Figure 2A–C; Supplementary Table S1). In KG-1a cells, COL-3 again 

showed the greatest potency (IC50 = 7.486 µg/mL; 95% CI: 5.912–9.619; R2 = 0.9677), whereas DOX and 

MIN exhibited higher IC50 values of 99.54 µg/mL (95% CI: 70.73–152.7; R2 = 0.9553) and 167.8 µg/mL 

(95% CI: 121.9–265.8; R2 = 0.9583), respectively (Figure 2D–F; Supplementary Table S2). Jurkat cells 

displayed the greatest overall sensitivity, with IC50 values of 3.625 µg/mL (COL-3; 95% CI: 3.2–4.1; R2 

= 0.9898), 8.049 µg/mL (DOX; 95% CI: 7.32–8.86; R2 = 0.9792) and 9.485 µg/mL (MIN; 95% CI: 8.71–

10.33; R2 = 0.9884) (Figure 2G–I; Supplementary Table S3). Overall, COL-3 demonstrated the highest 

cytotoxic potency across all three cell lines, followed by DOX and MIN, whereas Jurkat cells exhibited 

the greatest sensitivity and K562 cells the greatest resistance. 
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Figure 2. Dose-Dependent Effects and IC50 Determination of COL-3, DOX, and MIN in K562, KG-1a, and Jurkat 

cell lines. (A–C) Dose-response curves of COL-3, DOX, and MIN in K562 cells. (D–F) Dose-response curves of 

COL-3, DOX, and MIN in KG-1a cells. (G–I) Dose-response curves of COL-3, DOX, and MIN in Jurkat cells. Data 

are presented as mean ± standard error (SE) from three independent experiments. IC50 values were calculated 

using the profile likelihood method and are reported with 95% confidence intervals (CI). 

3.2. Tetracycline Analogues Induce Apoptosis with Cell Line-Specific Features 

To determine the mode of cell death, Annexin-V/7-AAD staining was performed after 4 h and 

24 h of exposure to each analogue. 

In K562 Cells, COL-3 (12.5 and 25 µg/mL) increased Annexin-V+ populations at both time points 

(10.6–16.4% at 4 h; 29.6–32.1% at 24 h vs. 23% control), accompanied by modest increases in 7-AAD+ 

cells. DOX (100 and 200 µg/mL) showed minimal changes at 4 h but increased Annexin-V+ cells at 24 

h (25.6% vs. 23.1%), with late apoptotic (double-positive) populations elevated at 200 µg/mL. MIN 

(100 and 200 µg/mL) produced significant increases in late apoptotic cells at 24 h (e.g., 31.8% at 200 

µg/mL), accompanied by reduced viability. These data indicate apoptosis as the predominant death 

modality in K562 cells, with magnitude correlating with concentration and exposure time (Figure 3; 

Supplementary Figure S1, S2, Supplementary Table S4). 

Next in KG-1a Cells, COL-3 (3 and 6 µg/mL) significantly increased early apoptosis at both 4 h 

(4.2–5.6% vs. 0.04% control) and 24 h (4.6–15.6% vs. 0.02% control), with moderate increases in late 

apoptosis at 24 h. DOX (50 and 100 µg/mL) induced similar patterns, with early apoptotic populations 

rising from 1.2–1.8% at 4 h to 14.5–17.2% at 24 h. MIN (100 and 200 µg/mL) elicited substantial 

apoptosis at 24 h (18–23.1%) with associated increases in late apoptotic populations (7.2–23.5%). 

Together, these results demonstrate that all three analogues induce apoptosis in KG-1a cells in a time-

dependent manner (Figure4; Supplementary Figure S3, S4, Supplementary Table S5). 
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Figure 3. Effect of COL-3, DOX, and MIN on Apoptosis in K562 cells assessed by Flow Cytometry. Flow 

cytometric analysis of K562 cells treated with COL-3, DOX, and MIN, showing the percentage of Annexin V–

positive cells (early apoptosis), 7-AAD–positive cells (late apoptosis/necrosis), and double-stained cells (late 

apoptosis/necrosis). Data represent the mean ± standard error (SE) from three independent experiments. Bar 

graphs illustrate the percentage changes in cell populations. a: Statistically significant difference compared to 4-

hour control cells (p < 0.05). b: Statistically significant difference compared to 24-hour control cells (p < 0.05). 
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Figure 4. Effect of COL-3, DOX, and MIN on Apoptosis in KG-1a cells assessed by Flow Cytometry. Flow 

cytometric analysis of K562 cells treated with COL-3, DOX, and MIN, showing the percentage of Annexin V–

positive cells (early apoptosis), 7-AAD–positive cells (late apoptosis/necrosis), and double-stained cells (late 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 February 2026 doi:10.20944/preprints202602.1332.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1332.v1
http://creativecommons.org/licenses/by/4.0/


 7 of 14 

 

apoptosis/necrosis). Data represent the mean ± standard error (SE) from three independent experiments. Bar 

graphs illustrate the percentage changes in cell populations. a: Statistically significant difference compared to 4-

hour control cells (p < 0.05). b: Statistically significant difference compared to 24-hour control cells (p < 0.05). 

In Jurkat cells, COL-3 induced marked increases in late apoptotic populations at both 4 h and 24 

h (e.g., 16–29% vs. 2.5–11% control), while DOX increased double-positive populations to 24–28.5% 

at 24 h. MIN induced the strongest apoptotic response at early time points, with Annexin-V+ 

populations reaching 6.3–6.5% at 4 h and 29% at 24 h. These findings indicate that Jurkat cells exhibit 

rapid apoptotic induction in response to tetracycline analogues (Figure 5; Supplementary Figure S5, 

S6, Supplementary Table S6). 
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Figure 5. Effect of COL-3, DOX, and MIN on Apoptosis in Jurkat cells assessed by Flow Cytometry. Flow 

cytometric analysis of Jurkat cells treated with COL-3, DOX, and MIN, showing the percentage of Annexin V–

positive cells (early apoptosis), 7-AAD–positive cells (late apoptosis/necrosis), and double-stained cells (late 

apoptosis/necrosis). Data represent the mean ± standard error (SE) from three independent experiments. Bar 

graphs illustrate the percentage changes in cell populations. a: Statistically significant difference compared to 4-

hour control cells (p < 0.05). b: Statistically significant difference compared to 24-hour control cells (p < 0.05). 

4. Effects on the JAK2/STAT3 Pathway and BCL-2 Family Proteins 

Western blotting was performed to determine whether apoptosis correlated with modulation of 

JAK2/STAT3 pathway components and BCL-2 family proteins. 

In K562 Cells, all three analogues reduced total JAK2 and phospho-JAK2 levels, with COL-3 and 

MIN exhibiting statistically significant decreases. Total STAT3 expression also declined across 

conditions, whereas phospho-STAT3 increased, reaching significance in COL-3 and MIN groups. 

COL-3 and MIN reduced BAX expression, while DOX and MIN increased BCL-2 levels, suggesting 

apoptosis occurred independently of JAK2/STAT3 suppression and was associated with BCL-2 

upregulation (Figure 5; Supplementary Figure S4).The other treatment groups showed small 

increases in BCL-2 expressions that were not statistically significant (Figure 6F, Supplementary 

Figure S7). 
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Figure 6. The Effect of Tetracycline Analogues on the JAK2/STAT3 Pathway in K562 cells using WB. (A) 

Expression levels of JAK2 protein following treatment with COL-3, DOX, and MIN. (B) Expression levels of 

phosphorylated JAK2 (P-JAK2) after treatment with COL-3, DOX, and MIN. (C) Expression levels of STAT3 

protein in response to COL-3, DOX, and MIN. (D) Expression levels of phosphorylated STAT3 (P-STAT3) 

following treatment with COL-3, DOX, and MIN. (E) Expression levels of pro-apoptotic protein BAX after 

treatment with COL-3, DOX, and MIN. (F) Expression levels of anti-apoptotic protein BCL-2 in response to COL-

3, DOX, and MIN. Bar graphs represent fold changes in protein expression from at least three independent 

experiments (mean ± SD). Statistical significance was determined using one-way ANOVA followed by Dunnett’s 

multiple comparison test (*p < 0.05, ****p < 0.0001). 

Next in KG-1a Cells, COL-3 and DOX (50 µg/mL) modestly reduced total JAK2 expression, 

whereas DOX (100 µg/mL) and MIN increased it. Phospho-JAK2 was reduced by COL-3 and MIN. 

STAT3 levels declined in all groups except MIN (100 µg/mL), while phospho-STAT3 increased 

significantly in DOX- and MIN-treated cells. COL-3 selectively reduced BCL-2, whereas DOX and 

MIN increased BAX expression, indicating apoptosis was associated with modulation of BCL-2 

family proteins rather than JAK2/STAT3 inhibition (Figure 7; Supplementary Figure. S8). 
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Figure 7. The Effect of Tetracycline Analogues on the JAK2/STAT3 Pathway in KG -1a cells using WB. (A) 

Expression levels of JAK2 protein following treatment with COL-3, DOX, and MIN. (B) Expression levels of 

phosphorylated JAK2 (P-JAK2) after treatment with COL-3, DOX, and MIN. (C) Expression levels of STAT3 

protein in response to COL-3, DOX, and MIN. (D) Expression levels of phosphorylated STAT3 (P-STAT3) 

following treatment with COL-3, DOX, and MIN. (E) Expression levels of pro-apoptotic protein BAX after 

treatment with COL-3, DOX, and MIN. (F) Expression levels of anti-apoptotic protein BCL-2 in response to COL-

3, DOX, and MIN. Bar graphs represent fold changes in protein expression from at least three independent 

experiments (mean ± SD). Statistical significance was determined using one-way ANOVA followed by Dunnett’s 

multiple comparison test (*p < 0.05, ****p < 0.0001). 

Subsequently in Jurkat cells, all analogues reduced total and phospho-JAK2 levels, with 

phospho-JAK2 suppression reaching statistical significance in all groups except DOX (7 µg/mL). 

Phospho-STAT3 levels were reduced by all treatments, with COL-3 showing significant effects. Total 

STAT3 levels increased across groups. BCL-2 expression was significantly reduced by COL-3, DOX 
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and MIN (12 µg/mL), whereas BAX expression decreased following COL-3 and MIN treatment. 

These data indicate that apoptosis in Jurkat cells correlates with inhibition of the JAK2/STAT3 

pathway and downregulation of BCL-2 (Figure 8; Supplementary Figure. S9). 

 

Figure 8. The Effect of Tetracycline Analogues on the JAK2/STAT3 Pathway in Jurkat cells using WB. (A) 

Expression levels of JAK2 protein following treatment with COL-3, DOX, and MIN. (B) Expression levels of 

phosphorylated JAK2 (P-JAK2) after treatment with COL-3, DOX, and MIN. (C) Expression levels of STAT3 

protein in response to COL-3, DOX, and MIN. (D) Expression levels of phosphorylated STAT3 (P-STAT3) 

following treatment with COL-3, DOX, and MIN. (E) Expression levels of pro-apoptotic protein BAX after 

treatment with COL-3, DOX, and MIN. (F) Expression levels of anti-apoptotic protein BCL-2 in response to COL-

3, DOX, and MIN. Bar graphs represent fold changes in protein expression from at least three independent 

experiments (mean ± SD). Statistical significance was determined using one-way ANOVA followed by Dunnett’s 

multiple comparison test (*p < 0.05, ****p < 0.0001). 
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5. Discussion 

This study demonstrates that the tetracycline analogues COL-3, DOX and MIN exhibit 

differential cytotoxic and mechanistic effects in leukemia cell lines and modulate apoptotic pathways 

through both JAK2/STAT3-dependent and -independent mechanisms. Among the three compounds, 

COL-3 consistently showed the greatest potency, while Jurkat cells displayed the highest sensitivity. 

These findings extend emerging evidence that tetracycline derivatives possess anticancer activities 

distinct from their traditional antimicrobial roles and support their consideration as candidates for 

drug repurposing strategies in hematologic malignancies. 

Previous studies have reported variable antitumor responses to tetracyclines in both solid and 

hematologic cancers, including effects on mitochondrial function, transcriptional regulation and 

apoptosis induction [21,23–26]. The IC50 values observed in the present work are broadly consistent 

with trends described by Fares et al. (2015), although absolute values differed, likely reflecting assay 

platforms and detection sensitivity[27]. The use of CellTiter-Glo in this study, which quantifies ATP 

and is considered more sensitive for assessing metabolic activity, may account for some of these 

differences. Collectively, these data reinforce that tetracycline analogues exhibit anti-leukemic effects 

in vitro and that their potency is influenced by both drug structure and leukemia subtype. 

Mechanistically, the tetracycline analogues produced distinct effects on the JAK2/STAT3 axis 

and BCL-2 family proteins. In K562 and KG-1a cells, apoptosis did not correlate with suppression of 

phosphorylated JAK2 or phosphorylated STAT3, indicating that cell death occurred largely through 

alternative pathways. Instead, differential modulation of BCL-2 family proteins was observed: COL-

3 reduced BCL-2 expression in KG-1a cells, whereas DOX and MIN increased BAX levels. These 

findings align with previous reports that mitochondrial and oxidative stress-related mechanisms 

contribute to tetracycline-induced cytotoxicity and that BCL-2 family proteins may mediate these 

effects [24,26,28]. The distinct profiles observed among cell lines underscore that leukemia subtypes 

may possess divergent apoptotic wiring, with implications for therapeutic targeting. 

In contrast, Jurkat cells exhibited a clear relationship between apoptosis and suppression of 

phosphorylated JAK2 and STAT3, accompanied by reduced BCL-2 expression. Given that 

constitutive STAT3 activation has been associated with survival signaling in T-cell malignancies, the 

observed inhibition of this pathway suggests that COL-3, DOX and MIN may exert JAK/STAT-

dependent effects in lymphoid contexts. These results differ from observations in non-activated 

Jurkat cells [29], suggesting that pathway priming state and cellular activation status may influence 

drug response. Together, these findings illustrate that tetracycline analogues can engage distinct 

apoptotic routes depending on leukemia subtype, pathway dependence and survival circuitry. 

From a translational perspective, the heterogeneous responses observed across leukemia models 

highlight both opportunities and challenges for repurposing tetracycline analogues. The superior 

potency of COL-3, coupled with its dual pathway engagement, suggests that it may hold particular 

promise for further evaluation. Although DOX and MIN were less potent and required higher 

concentrations to elicit effects, their established clinical use, favorable safety profiles and widespread 

availability make them appealing candidates for combination or adjunctive approaches. Notably, 

prior work has demonstrated synergistic interactions between tetracyclines and cytotoxic agents in 

solid tumor models [21], indicating that combinatorial strategies in leukemia warrant investigation. 

This study has several limitations. First, all experiments were conducted in established cell lines, 

which may not fully recapitulate primary leukemia biology. Second, no in vivo validation was 

performed, and pharmacokinetic considerations such as achievable plasma concentrations may 

influence translational feasibility. Third, the study did not interrogate downstream transcriptional 

consequences of STAT3 inhibition or mitochondrial function, which could provide additional 

mechanistic insight. Addressing these limitations through in vivo models, primary patient samples 

and pathway-level profiling will be essential to define therapeutic relevance more comprehensively. 

Future work should prioritize evaluating COL-3 in preclinical leukemia models to determine 

dosing, tolerability and functional pathway engagement in vivo. Investigation into combinatorial 

regimens, particularly with JAK/STAT inhibitors or BCL-2 family modulators such as venetoclax, 
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may yield synergistic effects given the mechanistic intersections identified. Furthermore, profiling 

leukemia subtypes with defined JAK/STAT activation states may enable stratification strategies for 

precision repurposing. 

In conclusion, this study provides evidence that tetracycline analogues exert anti-leukemic 

effects through cell line-specific mechanisms and identifies COL-3 as the most potent candidate for 

further investigation. While additional validation is required, these findings support the continued 

exploration of tetracycline derivatives as repurposed agents in hematologic malignancies and 

highlight the value of targeting survival signaling pathways such as JAK/STAT3 in leukemia. 

6. Conclusions 

This study demonstrates that tetracycline analogues exert anti-leukemic effects through distinct 

molecular mechanisms that vary across leukemia cell lines. COL-3 showed the highest cytotoxic 

potency and engaged both JAK/STAT-dependent and -independent apoptotic pathways, whereas 

DOX and MIN induced apoptosis primarily through modulation of BCL-2 family proteins. Jurkat 

cells exhibited apoptosis associated with suppression of phosphorylated JAK2 and STAT3 and 

downregulation of BCL-2, suggesting pathway dependence in lymphoid cells. In contrast, apoptosis 

in K562 and KG-1a cells occurred independently of JAK/STAT signaling and involved differential 

regulation of BCL-2 or BAX. These findings highlight mechanistic heterogeneity in leukemia cell 

responses to tetracycline analogues and identify COL-3 as the most promising candidate for further 

exploration. While additional validation in primary models and in vivo systems is required, this work 

supports continued evaluation of tetracycline derivatives as repurposed candidates in hematological 

malignancies. 
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