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Transcriptomic and proteomic 
analysis of tumor suppressive 
effects of GZ17‑6.02 
against mycosis fungoides
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Mycosis fungoides (MF) is the most common form of cutaneous T-cell lymphoma (CTCL). Despite 
having a wide variety of therapeutic agents available for the treatment of MF, patients often suffer 
from a significant decrease in quality of life and rarely achieve long-term remission or complete cure, 
highlighting a need to develop novel therapeutic agents for this disease. The present study was 
undertaken to evaluate the efficacy of a novel anti-tumor agent, GZ17-6.02, which is composed of 
curcumin, harmine, and isovanillin, against MF in vitro and in murine models. Treatment of HH and 
MyLa cells with GZ17-6.02 inhibited the growth of both cell lines with IC50 ± standard errors for growth 
inhibition of 14.37 ± 1.19 µg/mL and 14.56 ± 1.35 µg/mL, respectively, and increased the percentage 
of cells in late apoptosis (p = .0304 for HH; p = .0301 for MyLa). Transcriptomic and proteomic analyses 
revealed that GZ17-6.02 suppressed several pathways, including tumor necrosis factor (TNF)-ɑ 
signaling via nuclear factor (NF)-kB, mammalian target of rapamycin complex (mTORC)1, and Pi3K/
Akt/mTOR signaling. In a subcutaneous tumor model, GZ17-6.02 decreased tumor volume (p = .002) 
and weight (p = .009) compared to control conditions. Proteomic analysis of tumor samples showed 
that GZ17-6.02 suppressed the expression of several proteins that may promote CTCL growth, 
including mitogen-activated protein kinase (MAPK)1, MAPK3, Growth factor receptor bound protein 
(GRB)2, and Mediator of RAP80 interactions and targeting subunit of 40 kDa (MERIT)40.
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PARP	� Poly (ADP-ribose) polymerase
HRP	� Horseradish peroxidase
BSA	� Bovine serum albumin
RNAseq	� RNA sequencing
GSEA	� Gene set enrichment analysis
GSVA	� Gene set variation analysis
DEGs	� Differentially expressed genes
RPPA	� Reverse phase protein array
SDS	� Sodium dodecyl sulfate
NSG	� NOD SCID gamma
cPARP	� Cleaved PARP
TNF	� Tumor necrosis factor
mTORC	� Mammalian target of rapamycin complex
mTOR	� Mammalian target of rapamycin
CXCR	� C-X-C chemokine receptor
CXCL	� C-X-C motif chemokine ligand
MAPK	� Mitogen-activated protein kinases
GRB	� Growth factor receptor bound protein
MERIT40	� Mediator of RAP80 interactions and targeting subunit of 40 kDa
IHC	� Immunohistochemistry
4E-BP1	� Eukaryotic initiation factor 4E-binding protein
TAK	� Transforming growth factor beta-activated kinase
TNFR	� Tumor necrosis factor receptor
SHARPIN	� SHANK associated RH domain-interacting protein
BRCA​	� Breast cancer gene

Mycosis fungoides (MF) is the most common form of cutaneous T-cell lymphoma (CTCL) and is characterized 
by clonal proliferations of skin-homing helper T cells with a predilection for epidermal involvement1,2. It typi-
cally presents as persistent, progressive, erythematous patches and plaques but can progress to advanced stages 
where patients may develop tumors, ulceration, and systemic involvement3–5. Although MF typically follows 
an indolent course with a median survival rate of 20–35 years in its early stages3,6, patients often experience a 
significant decrease in quality of life secondary to psychosocial dysfunction, a high cost of healthcare utilization, 
intense pruritus, and sleep disturbances7–12. In the early stages, treatment of MF revolves around controlling 
cutaneous lesions using modalities such as topical corticosteroids, topical nitrogen mustards, topical retinoids, 
phototherapy, and radiation therapy1,2,13,14. As the disease progresses or becomes refractory to topical agents, 
systemic therapies are utilized. They include oral retinoids, interferons, histone deacetylase inhibitors, mono-
clonal antibodies against cluster of differentiation (CD)52 and C–C chemokine receptor (CCR)4, extracorporeal 
photopheresis, and chemotherapeutic agents1,2,13,14. Despite the wide variety of therapeutic agents available for 
the treatment of MF, patients rarely achieve long-term remission or complete cure, highlighting a need to develop 
novel therapeutic agents for this disease15–18.

The present study was undertaken to evaluate GZ17-6.02, a novel anti-cancer agent currently undergoing 
clinical trials for various solid malignancies (NCT03775525), against in vitro and in vivo models of MF. The 
rationale for evaluating GZ17-6.02, which is a combination agent composed of curcumin (10% by weight), 
harmine (13% by weight), and isovanillin (77% by weight)19, for the treatment of MF, was based on its activ-
ity against a variety of neoplasms both in vitro and in murine models, including head and neck squamous cell 
carcinoma, breast cancer, renal carcinoma, pancreatic ductal adenocarcinoma, melanoma, glioblastoma, and 
actinic keratoses19–26.

The anti-tumor properties of GZ17-6.02 appear to be due to an inherent synergism of its components which 
have been shown to affect a wide variety of targets. Curcumin is a component of the dietary spice turmeric 
that has demonstrated anti-neoplastic effects through inhibition of the phosphoinositide 3-kinase (Pi3K)-Akt 
pathway, epidermal growth factor receptor (EGFR) signaling, vascular endothelial growth factor (VEGF), and 
matrix metalloproteases, as well as by promoting caspase and mitochondria-driven apoptosis27–32. Additionally, 
curcumin has been shown to induce apoptosis in CTCL cells, believed to be due to the inhibition of nuclear 
factor (NF)-κB and signal transducer and activator of transcription (STAT)3 signaling33,34. Similarly, harmine 
is shown to inhibit extracellular signal-regulated kinase (ERK) and Akt signaling and to disrupt EGFR activ-
ity by suppressing the dual-specificity tyrosine-(Y)-phosphorylation-regulated kinase, DYRK1A35–37. Harmine 
also exerts anti-tumor activity by blocking the epithelial-to-mesenchymal transition, suppressing angiogenesis, 
inducing DNA damage, and inhibiting DNA replication38–40.

The purpose of this study was to evaluate the ability of GZ17-6.02 to inhibit the growth of MF cell lines in vitro 
and in a murine model, as well as to further clarify its mechanism of action using transcriptomic and proteomic 
approaches. Given its reported efficacy against a wide variety of neoplastic conditions19–26, we hypothesize that 
the medication will exert cytotoxic effects against MF cells through the induction of apoptosis and inhibition 
of targets related to the Pi3K-Akt and EGFR signaling pathways. Our results show that GZ17-6.02 inhibits the 
growth of MF cells in vitro while also exerting anti-tumor activity in vivo. The underlying mechanism, revealed 
by transcriptomic and proteomic analyses, involves its action at multiple levels, including the downregulation 
of pathways such as Pi3K-Akt, MAPK, and NF-κB signaling.
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Materials and methods
Ethical statement
All animal protocols used in this study were approved and performed in accordance with guidelines set forth by 
the Duke University Institutional Animal Care & Use Committee (IACUC) under protocol number A155-20-
07. All experiments were performed following the ARRIVE guidelines (http://​arriv​eguid​elines.​org) to report 
animal experiments.

Compounds and reagents
For in vitro experiments, GZ17-6.02 was dissolved in dimethyl sulfoxide (DMSO) as a stock solution and stored 
at − 20 °C. Working solutions were diluted in fresh medium not exceeding a final DMSO concentration of 1%. 
All compounds were provided by Genzada Pharmaceuticals (Sterling, KS).

Cell culture
HH (ATCC, #CRL-2105) and MyLa 2059 (MyLa) (University of Copenhagen, Denmark) cells were cultured in 
RPMI-1640 (Gibco #11875093) supplemented with 10% fetal bovine serum. Cells were maintained at a con-
centration of 1 × 105 to 1 × 106 cells per ml. For experiments, only cells with less than five passages were used.

Cell viability assays
Various concentrations of compounds were plated onto 384-well plates (Corning, #3764) using an Echo® 550 
Liquid Handler (Labcyte, #001-16079). A Matrix Wellmate Microplate Dispenser (Thermo Scientific, #201-
30002) was used to dispense HH and MyLa cells (1000 cells per well) onto the pre-plated compounds for a final 
reaction volume of 25 µL and final DMSO concentration of 1%. The plates were incubated (37ºC, 5% CO2, 95% 
humidity) for 72 h and assayed using CellTiter Glo® reagent (Promega, #G7570). Luminescence values were 
recorded using a Clariostar Microplate reader (BMG Labtech, #0430B0001B), and the data were analyzed using 
GraphPad Prism 9.0 Software (San Diego, CA).

Flow cytometry analysis of apoptosis
HH and MyLa cells were treated with GZ17-6.02 (25 µg/mL or 50 µg/mL in 0.5% DMSO) for 1 h. Apoptosis was 
evaluated using an Annexin-V/propidium iodide double staining assay kit (Sigma Aldrich, #APOAF) according 
to the manufacturer’s instructions. Cellular fluorescence was measured using a BD FACS Canto flow cytometer 
(BD Biosciences, #BF-FACSC2). Cells in early apoptosis were Annexin-V positive and propidium iodide nega-
tive, while cells in late apoptosis were both Annexin-V and propidium iodide positive.

Western blot
HH and MyLa cells were treated with vehicle or GZ17-6.02 (12.5 or 25 μg/ml), collected, washed with ice-cold 
phosphate-buffered saline (PBS), lysed with lysis buffer (1% Triton X‐100, 50 mM HEPES, pH 7.4, 150 mM 
NaCl, 1.5 mM MgCl2, 1 mM EGTA, 100 mM NaF, 10 mM Na pyrophosphate, 1 mM Na3VO4, 10% glycerol, 
protease inhibitor (Roche Applied Science, #05056489001) and phosphatase inhibitor (Roche Applied Science, 
#04906837001)) for 30 min, and clarified by centrifugation at 10,000 r.p.m. A Bradford colorimetric protein 
assay (Bio-Rad, Hercules, CA) was used to quantify protein. Protein extracts were loaded on a 4–12% SDS-
PAGE Bis–Tris gel (Thermofisher, #NP0322) and transferred onto polyvinylidene difluoride (PVDF) membranes 
(Invitrogen, Waltham, MA). Membranes were blocked with 5% milk in tris-buffered saline (TBS) and 0.1% 
Tween-20 (TBS-T) at room temperature for one hour and washed with TBS-T three times. The membranes were 
then incubated with primary antibodies against B-actin (Cell Signaling, #4970) and cleaved poly (ADP-ribose) 
polymerase (PARP) (Cell Signaling, #5625) at a ratio of 1:1000 in TBS-T with 5% bovine serum albumin (BSA) 
overnight at 4 °C. After the incubation, membranes were washed with TBS-T three times and incubated with 
horseradish peroxidase (HRP)-labeled secondary antibodies (Santa Cruz, #SC-2357) at a ratio of 1:1000 in 5% 
milk in TBS-T for one hour at room temperature. The membrane was developed on Biomax MR film. Unedited 
western blot images are provided in Supplemental Figs. S1, S2. 

mRNA sequencing
HH and MyLa cells were treated with GZ17-6.02 (25 µg/mL in 0.5% DMSO) or vehicle for 24 h. Total RNA was 
isolated using an RNAeasy plus kit (Qiagen, #74034) according to the manufacturer’s instructions. The Trim-
Galore toolkit (https://​www.​bioin​forma​tics.​babra​ham.​ac.​uk/​proje​cts/​trim_​galore) was used to process RNA 
sequencing (RNAseq) data. Only reads that were 20nt or longer after trimming were used for further analysis. 
Reads were mapped to the GRCh38v93 version of the human genome and transcriptome41 using the STAR RNA-
seq alignment tool42. Reads were kept for subsequent analysis if they mapped to a single genomic location. Gene 
counts were compiled using the HTSeq tool (http://​www.​huber.​embl.​de/​users/​anders/​HTSeq). Only genes with 
at least 10 reads in any given library were used in subsequent analyses. Normalization and differential expression 
were carried out using the DESeq243 Bioconductor44 package with the R statistical programming environment 
(www.r-​proje​ct.​org). The false discovery rate was calculated to control for multiple hypothesis testing. Gene 
set enrichment analysis (GSEA) was performed using the GSEA software45,46 with the Hallmark database as 
reference47. Gene set variation analysis (GSVA) was conducted with the GSVA R Bioconductor package using the 
R statistical programming environment48. Differentially expressed genes (DEGs) were defined as coding genes 
with a log fold change > 1 or < − 1 and a false discovery rate-adjusted p value < 0.05.

http://arriveguidelines.org
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore
http://www.huber.embl.de/users/anders/HTSeq
http://www.r-project.org
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Reverse phase protein array (RPPA)
For in vitro experiments, HH and MyLa cells were treated with GZ17-6.02 (25 µg/mL in 0.5% DMSO) or vehicle 
for 24 h. Cell lysates were prepared as described above for the western blotting. After quantifying protein con-
centration, lysates were denatured with 4× sodium dodecyl sulfate (SDS) sample buffer (40% glycerol, 8% SDS, 
0.25 M Tris–HCl, pH 6.8, 10% (v/v) 2-mercaptoethanol) and boiled for 5 min. Samples were stored at − 80 °C 
and then sent to MD Anderson’s RPPA core facility (Houston, TX). For in vivo experiments, tumor samples were 
collected from mice, flash-frozen in liquid nitrogen, and stored at − 80 °C prior to being sent to MD Anderson’s 
RPPA core facility for processing. Hallmark functional enrichment analyses were performed on gene lists of 
proteins or phosphoproteins whose expression decreased with GZ17-6.02 treatment using EnrichR49–51.

Animal experiments
A subcutaneous xenograft model was used to study the effects of GZ17-6.02 in vivo52–54. Male NOD.SCID.gamma 
(NSG) mice aged 8–12 weeks weighing 20–25 g were obtained from the breeding core at Duke University Medical 
Center. Mice were housed in IACUC-compliant Allentown 75 JAG cages. Up to 4 mice were housed in a single 
cage and were provided with constant access to food and water. Mice were inoculated with 1 × 106 freshly dissoci-
ated HH cells suspended in 200 µL media subcutaneously into the right flank. Then, 72 h after tumor inoculation, 
mice were randomized into vehicle (n = 8) and treatment (n = 8) groups. Vehicle control animals received 200 µL 
Peptamen daily by oral gavage. Mice in the treatment arm received 300 mg/kg GZ17-6.02 daily by oral gavage. 
At this dose of GZ17-6.02, no adverse effects of the drug were seen. Animals were observed daily, body mass 
was measured once weekly, and tumor volumes were measured every two days with hand-held Vernier calipers. 
Tumor volume was calculated with the formula V = (width2) × (length)/2. Animals were euthanized using carbon 
dioxide to minimize suffering after 30 days of treatment.

Statistical analysis
Statistical analyses were conducted using GraphPad Prism 9.0. p values for GSEA were adjusted using the Benja-
mini–Hochberg method. Comparisons between all other groups were made using the Student’s t-test. Differences 
with a p value or adjusted p value of < 0.05 were considered statistically significant.

Results
GZ17‑6.02 suppresses the viability of mycosis fungoides cells
The overall study design is shown in Fig. 1. In order to assess the potential of GZ17-6.02 as a therapeutic agent 
for MF, we first performed a cell viability assay on treated HH and MyLa cells to determine its ability to suppress 

Figure 1.   Overall study design. HH and MyLa 2059 cells were used for in vitro experiments. Treated cells were 
subjected to cell viability assays, apoptosis assays, RNA sequencing, and RPPA. NSG mice were used for in vivo 
models of MF. Mice were inoculated with HH cells subcutaneously and treated with GZ17-6.02 or vehicle. 
Tumor volume was measured over time, and at the end of the experiment, tumors were extracted, weighed, and 
prepared for RPPA. RPPA, reverse phase protein arrays; NSG, NOD.SCID.gamma.
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MF growth and produce cell death in vitro. As can be seen in Fig. 2A,B, GZ17-6.02 inhibited the growth of both 
cell lines with IC50 ± standard errors for growth inhibition of 14.37 ± 1.19 µg/mL for HH and 14.56 ± 1.35 µg/
mL for MyLa.

Given the observed cytotoxic effects of GZ17-6.02 against MF, we next sought to determine if the cell death 
observed in the viability assay was mediated by the induction of apoptosis using flow cytometric analysis of 
apoptosis on control and treated HH and MyLa cells (Fig. 2C). The mean ± standard deviation percentage of 
HH cells in late apoptosis increased from 17.33 ± 5.23% with control conditions to 65.57 ± 12.25% with the addi-
tion of 50 µg/mL GZ17-6.02 (p = 0.0304). For MyLa cells, the addition of 50 µg/mL GZ17-6.02 resulted in an 
increase in the percentage of cells in early apoptosis from 2.20 ± 1.20% with control conditions to 8.40 ± 1.79% 
(p = 0.0153) and an increase in the percentage of cells in late apoptosis from 12.17 ± 3.92% with control conditions 
to 44.40 ± 6.65% (p = 0.0301). To confirm the pro-apoptotic effects of GZ117-6.02 we next utilized western blots to 
evaluate cleaved PARP (cPARP) levels with varying concentrations of GZ17-6.02 (Fig. 2D,E). PARP was chosen 

Figure 2.   GZ17-6.02 inhibits the growth of MF cells. (A) Representative dose–response curve for GZ17-6.02 
against HH cells. (B) Representative dose–response curve for GZ17-6.02 against MyLa cells. (C) Percentage 
of HH and MyLa cells in early and late apoptosis following incubation with increasing concentrations of 
GZ17-6.02. (D) Western blot of cleaved PARP in HH and MyLa cells following incubation with increasing 
concentrations of GZ17-6.02. (E) Normalized expression of western blot experiments showing increased cleaved 
PARP with increasing concentrations of GZ17-6.02 in HH and MyLa cells. The blots for HH and MyLa show in 
this figure were taken from separate gels. *p < .05; **p < .01; ***p < .001; apo, apoptosis; cPARP, cleaved PARP.
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for these experiments as its cleavage by caspases is considered to be one of the hallmarks of apoptosis55,56. With 
the addition of 25 µg/mL GZ17-6.02, the mean ± standard deviation normalized expression of cPARP increased 
from 6.69 ± 4.50% with control conditions to 25.86 ± 5.21% (p = 0.017) for HH and 4.34 ± 2.47% with control 
conditions to 66.07 ± 1.85% for MyLa (p < 0.001). These findings suggest that cleavage of PARP may mediate the 
pro-apoptotic effects of GZ17-6.02.

Transcriptomic and proteomic effects of GZ17‑6.02 in vitro
Given the observed cytotoxic effects of GZ17-6.02 against MF cells, we next performed RNAseq on control and 
treated HH and MyLa cells to gain a better understanding of its mechanism of action. Differential expression 
analysis of transcriptomic data revealed 2951 DEGs (2191 upregulated and 780 downregulated) between control 
and GZ17-6.02 treated HH cells (Fig. 3A), and 1882 DEGs, (923 upregulated and 959 downregulated) between 
control and treated MyLa cells (Fig. 3B). Pathway analysis with GSEA was performed on differential expression 
analysis data to gain a broader understanding of the pathways effected by GZ17-6.02. This analysis revealed 
downregulation of many pathways in GZ17-6.02 treated cells, including tumor necrosis factor (TNF)-ɑ signal-
ing via NF-kB and mammalian target of rapamycin complex (mTORC)1 signaling in both cell lines and Pi3K/
Akt/mammalian target of rapamycin (mTOR) signaling in HH alone (Fig. 3C,D). We next conducted RPPA on 
control and GZ17-6.02 treated cells further clarify the compounds mechanism of action and see if similar targets 
identified in our transcriptomic analyses were affected at a proteomic level. Pathway analysis using EnrichR on 
gene lists of phosphoproteins downregulated by GZ17-6.02 also revealed suppression of Pi3K/Akt/mTOR signal-
ing in both cell lines in addition to several other pathways (Fig. 3E,F).

It has previously been shown that suppression of Pi3K/Akt/mTOR signaling in CTCL decreases chemot-
axis of malignant cells by disrupting the C-X-C chemokine receptor (CXCR)4/C-X-C motif chemokine ligand 
(CXCL)12 axis52. Given the suppression of Pi3K/Akt/mTOR signaling identified by our transcriptomic and 
proteomic analyses, we theorized that GZ17-6.02 would have a similar effect. Analysis of RNAseq data for 
changes in CXCR4 expression revealed a significant decrease in CXCR4 levels in both cell lines (p < 0.001 for 
HH and MyLa; Figs. 4A,B) after GZ17-6.02 treatment. Pathway analysis using GSVA also revealed a significant 
decreased in CXCL12 signaling in both cell lines (p < 0.001 for HH and p = 0.045 for MyLa; Figs. 4C). We next 
conducted an EnrichR enrichment analysis using gene lists of phosphoproteins downregulated by GZ17-6.02 
to evaluate the compound’s effect on CXCR4/CXCL12 signaling and downstream pathways at a proteomic level 
(Figs. 4D,E)57–59. This analysis revealed suppression of p38 mitogen-activated protein kinases (MAPK), STAT3, 
RAC1, and CXCR4 signaling pathways in both cell lines.

GZ17‑6.02 inhibits the growth of MF in vivo
With the observed efficacy of GZ17-6.02 against MF cell lines in vitro, the next step was to asses the ability of the 
compound to inhibit MF growth in vivo using a subcutaneous tumor model. An overview of the experimental 
design is shown in Fig. 5A, while representative images of control and GZ17-6.02 treated mice after 30 days of 
treatment are shown in Fig. 5B. After 30 days, mice receiving GZ17-6.02 demonstrated a significant decrease in 
tumor volume (p = 0.002; Fig. 5C) and tumor weight (p = 0.009; Fig. 5D,E).

Proteomics effects of GZ17‑6.02 in vivo
We next performed RPPA on tumors from control and GZ17-6.02 treated mice to gain a better understanding of 
the mechanism behind GZ17-6.02’s efficacy against MF, and determine is similar pathways that were identified 
as GZ17-6.02 targets in our in vitro analyses were affected in the subcutaneous tumor model. Figure 6A shows 
a heatmap of the significantly different proteins between control and GZ17-6.02 treated mice. Interestingly, 
GZ17-6.02 suppressed the expression of several proteins that may promote CTCL growth, including MAPK1, 
MAPK3, growth factor receptor bound protein (GRB)2, and mediator of RAP80 interactions and targeting 
subunit of 40 kDa (MERIT40). We next conducted an EnrichR functional enrichment analysis on gene lists of 
proteins downregulated by GZ17-6.02. Similar to our in vitro results, this analysis showed suppression of Pi3K/
Akt/mTOR signaling in treated mice (Fig. 6B). We also constructed a GeneMANIA network using gene lists of 
proteins downregulated by GZ17-6.02 to highlight genes with shared protein domains and physical interactions 
or that are co-localized or co-expressed with the targets of GZ17-6.02 (Fig. 6C). We found that the most over-
represented functions of these proteins were related to mitochondrion disassembly, response to nutrient levels 
and extracellular stimuli, and ubiquitin-like protein ligase binding.

Discussion
Due to GZ17-6.02’s demonstrated efficacy against a variety of neoplastic conditions in vitro and in mouse models, 
the compound has recently gathered a great deal of attention as a possible therapeutic agent for a variety of neo-
plastic conditions22–24,60–62. As a combination agent, GZ17-6.02 may benefit from its ability to inhibit components 
of multiple signal pathways, and its components may be synergistic in their ability to slow tumor growth20,63. 
More recently, GZ17-6.02 has shown efficacy against cutaneous neoplasms such as actinic keratoses, cutaneous 
squamous cell carcinoma, and melanoma21,26,64. However, it has yet to be evaluated for the treatment of CTCL. 
Here, we assess GZ17-6.02 ability to inhibit MF growth in vitro and in a subcutaneous tumor model as well as 
further clarify its mechanism of action using transcriptomic and proteomic approaches. We demonstrate that 
the compound is a potent inhibitor of MF growth and induces apoptosis in MF cells. Mechanistically, GZ17-
6.02 downregulates pathways crucial to MF growth and survival, such as NF-κB, Pi3k/Akt/mTOR, and MAPK 
pathways, while also suppressing the CXCR4/CXCL12 axis.

A previous studies evaluating GZ17-6.02’s anti-tumor properties have demonstrated its pro-apoptotic activ-
ity against head and neck squamous cell carcinoma cells which was mediated through cleavage of PARP and is 
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Figure 3.   Molecular mechanism of GZ17-6.02 in vitro. (A) Volcano plot of DEGs between control and GZ17-
6.02 treated HH cells. (B) Volcano plot of DEGs between control and GZ17-6.02 treated MyLa cells. (C) GSEA 
results showing Hallmark pathways upregulated and downregulated in HH cells following GZ17-6.02 treatment. 
(D) GSEA results showing Hallmark pathways upregulated and downregulated in MyLa cells following GZ17-
6.02 treatment. (E) Top downregulated pathways in GZ17-6.02 treated HH cells from Hallmark EnrichR 
enrichment analysis of phosphor-proteomic data. (F) Top downregulated pathways in GZ17-6.02 treated MyLa 
cells from Hallmark EnrichR enrichment analysis of phosphor-proteomic data. FC, fold change; sig, significant; 
TNF, tumor necrosis factor; UV, ultraviolet; IFN, interferon; NES, normalized enrichment score.
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constant with our findings20. In this study, we found that the compounds mechanism of action against MF is 
related to suppression of key targets in Pi3K/Akt/mTOR, mTORC1, and NF-κB signaling pathways. These find-
ings are consistent with previous studies showing that curcumin suppresses the Pi3K/Akt/mTOR pathway and 
inhibits NF-κB signaling in various malignancies65–70. Furthermore, GZ17-6.02 itself is shown to suppress expres-
sion of mTORC1 and AKT proteins in vitro and in murine models and the topical formulation of the medication, 
GZ21T, was shown to inhibits the Pi3K/Akt pathway in a UVB-induced model of skin carcinogenesis19,25,26,71. 
These findings are notable and may partially explain the anti-tumor activity seen here as components of the Pi3k/
Akt/mTOR pathway are among the most commonly mutated targets in human cancers72, and serve to promote 
the metabolism, proliferation, motility, and survival of malignant cells73. In CTCL specifically, immunohisto-
chemistry (IHC) has demonstrated persistent activation of components of this pathway, such as p-Akt, p-70S6K, 
and p-eukaryotic initiation factor 4E-binding protein (4E-BP1)74–76. Furthermore, levels of these proteins showed 
a negative correlation with disease-free survival in advanced CTCL cases. Additionally, mTOR and dual Akt/
mTOR inhibitors have shown efficacy in treating CTCL in murine models52,77,78. Similarly, the NF-κB pathway 
is also commonly dysregulated in CTCL79. Activating mutations and amplifications in upstream components, 
such as transforming growth factor beta-activated kinase (TAK)1, tumor necrosis factor receptor (TNFR)2, 
and SHANK associated RH domain-interacting protein (SHARPIN), have been identified in CTCLs and serve 
to promote the proliferation, migration, and invasion of malignant cells, while also exerting anti-apoptotic 
activities80–82. Furthermore, therapeutic agents targeted against the NF-κB pathway are shown to inhibit growth 
and induce apoptosis of CTCL cells83,84.

GZ17-6.02 was also found to suppress the CXCR4/CXCL12 axis in both HH and MyLa cells. Although 
GZ17-6.02’s effects on this CXCR4/CXCL12 signaling have not previously been evaluated, curcumin has been 
shown to suppress these pathways in various malignancies including endometrial and colon cancers85,86 Prior 
studies have shown that therapeutic agents targeting the Pi3K/Akt/mTOR pathway reduce CXCL12 mediated 
migration of CTCL and chronic lymphocytic leukemia cells52,77. As such, GZ17-6.02’s ability to suppress the 
CXCR4/CXCL12 axis may be due to its inhibition of Pi3K/Akt/mTOR as it was found to be a potent inhibitor 
of this pathway here and in prior studies23,26. These findings are noteworthy as CXCR4 expression is persistently 
increased in all stages of MF and serves to promote skin homing of malignant cells through interactions with 
CXCL12 produced by MF-associated cutaneous fibroblasts87–89. The CXCR4/CXCL12 axis also activates TORC1 
to stimulate the proliferation of malignant T cells and promotes resistance to chemotherapeutic agents52,88. The 
findings here suggest that GZ17-6.02 may inhibit skin homing in MF patients and may show synergy with other 

Figure 4.   GZ17-6.02 suppresses the CXCR4/CXCL12 axis. (A) CXCR4 expression in control and GZ17-6.02 
treated HH cells. (B) CXCR4 expression in control and GZ17-6.02 treated MyLa cells. (C) GSVA for CXCL12 
signaling pathway in control and GZ17-6.02 treated HH and MyLa cells. (D) Hallmark EnrichR enrichment 
analysis of phospho-proteomic data showing suppression of CXCR4 signaling and downstream pathways in 
GZ17-6.02 treated HH cells. (E) Hallmark EnrichR enrichment analysis of phospho-proteomic data showing 
suppression of CXCR4 signaling and downstream pathways in GZ17-6.02 treated MyLa cells. *p < .05; 
***p < .001; ctrl, control; GSVA, gene set variation analysis; GZ, GZ17-6.02.
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chemotherapeutic agents as it has been shown to potentiate the effects of medications such as palbociclib, axitinib, 
doxorubicin, and pemetrexed21,22,24,61,62.

It is also worth noting that GZ17-6.02 was more effective at inducing apoptosis and suppressing the CXCR4/
CXCL12 axis in HH than MyLa cells. The exact mechanism behind these differences is not currently understood 
but is likely due to the fact that the cell lines originate from different patients and exhibit molecular heterogene-
ity that may alter their response to therapeutics. These findings are in line with previous studies demonstrating 
that medications like vorinostat differentially modulate the expression of chemokine receptors and ligands in 
HH and MyLa cell lines90, and with the clinical observation that many therapeutics may only produce desired 
clinical outcomes in small percentages of MF patients91,92.

In vivo data demonstrate a significant reduction in tumor burden among mice treated with GZ17-6.02. The 
ability of the compound to reduce tumor growth in vivo as an oral formulation has previously been demon-
strated in murine models of glioblastoma and pancreatic ductal adenocarcinoma19,23. Similar to our in vitro data, 

Figure 5.   GZ17-6.02 inhibits MF growth in vivo. (A) Overview of experimental design. (B) Representative 
images of control and GZ17-6.02 treated mice after 30 days of treatment. (C) Tumor volume over time in 
control and GZ17-6.02 treated mice. (D) Representative images of tumors extracted from mice after 30 days of 
treatment. (E) Tumor weight for control and GZ17-6.02 treated mice. *p < .05; **p < .01; ctrl, control.
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GZ17-6.02 suppressed the Pi3k/Akt/mTOR pathway in the subcutaneous tumor model. Additionally, proteomic 
analyses demonstrated suppression of targets such as MAPK1, MAPK3, GRB2, MERIT40. The compounds ability 
to inhibit targets in the MAPK pathways have been described in several in vitro studies, but its effect on GRB2 
and MERIT40 have yet to be reported20,21. The findings here are noteworthy as the MAPK pathway is commonly 
mutated in human cancers and promotes aberrant growth and proliferation of malignant cells93,94. In MF, gain of 
function mutations have been detected in components of this pathway such as ERK-1, and B-Raf95,96. Further-
more, IHC studies have shown that the activated form of ERK1/2 may be present in the nucleus of malignant 
T-cells in up to 53% of CTCL lesions74. Similarly, GRB2 is an adapter protein that promotes MAPK signaling 
through interactions with Sos1 and has also been shown to commonly be amplified in CTCL cases97,98. Finally, 
MERIT40 is a downstream effector of the Pi3k/Akt/mTOR pathway that complexes with breast cancer gene, 
(BRCA)-1 in response to DNA damage to promote DNA repair, chemotherapeutic resistance, and the survival 
of malignant cells99. Taken together, our findings demonstrate that GZ17-6.02 affects a wide range of cellular 
targets, and its ability to inhibit MF growth is likely multifactorial.

Limitations of this study include its small sample size and testing only in mice. Additionally, experiments 
were not performed to determine the compound’s effect on pro- and anti-apoptotic molecules other than PARP, 
nor were experiments done to detect these targets in tissue from the in vivo experiments. Furthermore, the 
subcutaneous tumor model utilized here does not perfectly replicate the cutaneous biology of MF. As such, the 
compound’s full effect on skin homing of malignant cells cannot ascertained from this study. We theorize that it 
may decrease skin homing based on its ability to suppress the CXCR4/CXCL12 axis, but additional experiments 
utilizing varied in vivo MF models, including patient derived xenografts, should be performed. Additionally, 
experiments were not performed to assess the compounds effect on normal circulating T-cells, and further work 
should be done to determine if it may have adverse effects on healthy cells. In conclusion, GZ17-6.02 inhibits 
the growth of MF by modulating key drivers of multiple pathways such as MAPK, Pi3K/Akt/mTOR, and NF-κB 
signaling and represents a promising therapeutic option for the treatment of this disease. While few reliable ani-
mal models for patch and plaque stage MF exist, these preclinical studies help to pave the way for future clinical 
trials to study the efficacy of GZ17-6.02 and its topical analog, GZ21T, in the treatment of mycosis fungoides.

Figure 6.   Proteomic effects of GZ17-6.02 in vivo. (A) Heatmap of significantly different proteins identified 
by RPPA between control and GZ17-6.02 treated mice. (B) Hallmark EnrichR enrichment analysis of proteins 
downregulated by GZ17-6.02 treatment. (C) Genemania network of gene lists of proteins downregulated by 
GZ17-6.02 showing proteins with genetic and physical integrations and that have shared protein domains or are 
co-expressed with the targets of GZ17-6.02. ctrl, control; UV, ultraviolet.
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Data availability
The data that support the findings of this study are available from the corresponding author, SGK, upon reason-
able request.
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