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Abstract 1 

The biological basis of the high clinical heterogeneity of T-LGL Leukemia (T-LGLL) is not completely 2 

understood and effective therapies for this disease are lacking. Through RNA-Sequencing of purified 3 

T-LGLs we reveal gene expression profiles and pathway dysregulations in the major patient 4 

subgroups, defined by CD8+ or CD4+ phenotype and STAT3/STAT5B mutational status. Overall, T-5 

LGLL patients exhibited a marked transcriptome dysregulation compared to controls. This was more 6 

pronounced in the most symptomatic CD8+ STAT3-mutated patients, which emerged as a distinct 7 

biological entity, separated from the other disease subgroups. Particularly, CD8+ STAT3-mutated 8 

cases displayed extensive down-regulation of genes, ultimately resulting in the de-repression of 9 

proliferation and cell cycle pathways. Among genes up-regulated in CD8+ STAT3-mutated cases we 10 

found VCAM1, the transcriptional repressor EZH2 and the p53-regulator MDM2 proto-oncogene, as 11 

well as the leukemogenesis-associated PVT1 up-regulation, representing the first report of a long-12 

non-coding RNA alterations in leukemic T-LGLs. The impact of STAT5B mutations on T-LGLs 13 

transcriptome was more limited and the overexpression of the PIM1 serine/threonine kinase proto-14 

oncogene was identified as one of the most relevant features of STAT5B-mutated CD4+ T-LGLL. This 15 

study significantly advances our understanding of T-LGLL pathogenesis, uncovering new oncogenic 16 

mechanisms within the distinct molecular subtypes of the disease.  17 
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Introduction 18 

T-cell large granular lymphocyte leukemia (T-LGLL) is a rare lymphoproliferative disease 19 

characterized by the clonal expansion of cytotoxic CD3+ T-Large granular lymphocytes (T-LGLs)1. The 20 

clinical and biological heterogeneity of T-LGLL is well recognized, ranging from chronic indolent 21 

proliferations to symptomatic and aggressive leukemias with poor outcome2.  22 

Nowadays, phenotypic3 and genetic4 features need to be considered in the classification of T-LGLL 23 

patients. According to the immunophenotype of the leukemic clone, two distinct subtypes of T-LGLL 24 

can be distinguished: the canonical CD8+/CD4- T-LGL proliferation (CD8+ T-LGLL) and the less 25 

common CD4+/CD8dim/neg variant (CD4+ T-LGLL)5, accounting for up to 30% of cases6. On a genetic 26 

basis, STAT3 and STAT5B hyperactivating mutations represent the most frequent and clinically 27 

relevant lesions. Based on their unique association with the T-LGL clone’s immunophenotype7 and 28 

clinical features, additional disease subgroups can be defined. STAT3 mutations, predominantly 29 

detected in CD8+ T-LGLL patients3,6, are associated with the development of a symptomatic disease, 30 

mainly characterized by neutropenia and anemia8,9, leading to reduced overall survival of patients6. 31 

Conversely, STAT5B mutations, initially discovered in CD8+ T-LGLL with dismal outcome10, are found 32 

at high frequency in CD4+ T-LGLL patients, which mostly present with indolent disease6,11,12, 33 

similarly to STATs-mutation negative T-LGLL cases 6.  34 

Several studies13–15 have highlighted the crucial role of the JAK-STAT pathway in LGL survival 35 

network and its link with the disease clinical manifestations, addressing the molecular alterations 36 

that lead to its aberrant activation. Beside the occurrence of STATs mutations, cytokines14,16,17, 37 

epigenetic14,16,17 and microRNA dysregulations18–20 have been reported. However, only a few studies 38 

have specifically evaluated the STAT-mediated gene expression changes in T-LGLL10,21–23, mostly 39 

through microarray profiling. More recently, additional insights have been provided into the 40 

transcriptomic features of STAT3-mutated T-LGLL24, but a comprehensive gene expression profiling 41 

of the T-LGLL subtypes, distinguished by immunophenotype and STAT3/STAT5B genetic status, has 42 

never been performed. Most importantly, the oncogenic mechanisms occurring in each T-LGLL 43 

subtype, which likely account for the heterogeneous clinical courses of the disease, are still 44 

undefined.  45 

https://paperpile.com/c/7heSxn/qsYT8
https://paperpile.com/c/7heSxn/qd3wU
https://paperpile.com/c/7heSxn/BwhLU
https://paperpile.com/c/7heSxn/ohprq
https://paperpile.com/c/7heSxn/CXz8m
https://paperpile.com/c/7heSxn/SEiuP
https://paperpile.com/c/7heSxn/QPJPi
https://paperpile.com/c/7heSxn/BwhLU+SEiuP
https://paperpile.com/c/7heSxn/RW6j+KKLe
https://paperpile.com/c/7heSxn/SEiuP
https://paperpile.com/c/7heSxn/zyLDv
https://paperpile.com/c/7heSxn/AbUYR+SEiuP+2c4L3
https://paperpile.com/c/7heSxn/SEiuP
https://paperpile.com/c/7heSxn/tSslZ+Yhx9c+koCNG
https://paperpile.com/c/7heSxn/HOtfc+Yhx9c+xouOS
https://paperpile.com/c/7heSxn/HOtfc+Yhx9c+xouOS
https://paperpile.com/c/7heSxn/S9TIw+10ov9+H70oW
https://paperpile.com/c/7heSxn/gPsmq+Gshzm+hbysv+zyLDv
https://paperpile.com/c/7heSxn/c7xr0
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In this study, through RNA-sequencing (RNA-seq) of highly purified T-LGLs from a sizable discovery 46 

cohort of T-LGLL patients, we identified gene expression profiles and activated/inhibited pathways 47 

with pathological relevance in different T-LGLL subtypes. These findings further clarify the molecular 48 

alterations that differentiate patients from healthy controls, as well as disease subgroups with 49 

distinct clinical outcomes.  50 

 51 

Material and methods  52 

Study design and ethical consent 53 

RNA-seq analysis was performed in a discovery cohort of 20 T-LGLL patients and 5 healthy donors 54 

(HD) (Table 1). Additional 20 patients and 5 controls were used as an independent cohort for 55 

validations and functional experiments (Supplementary Table 1). Patients were recruited at the 56 

Hematology Unit of the Padua University Hospital and met the currently accepted diagnostic criteria 57 

for T-LGLL25. None of them had received treatment at the time of sample collection. The study was 58 

approved by the Ethic Committee for Clinical Trials of Padua (approval number: 4213/AO/17) and 59 

written informed consent was obtained from all the enrolled subjects, according to the Helsinki 60 

Declaration. 61 

 62 

Immunophenotypic analysis 63 

Immunophenotypic analysis was performed by flow cytometry on peripheral blood mononuclear 64 

cells (PBMC) of patients. Cells were stained with commercially available monoclonal antibodies 65 

(mAbs), as previously described6. The T-cell Receptor Variable β-chain Region (TCR-Vβ) repertoire 66 

of leukemic T-LGL was determined with the IOTest Beta Mark TCR-Vβ Repertoire kit (Beckman 67 

Coulter). Cells were analyzed using a FACS Canto II and data were processed with the BD FACSDiva 68 

and FlowJo softwares (BD). 69 

 70 

Mutational analyses 71 

DNA was extracted from purified T-LGLs with the Gentra Puregene Cell Kit Plus (Qiagen). In the 72 

discovery and validation cohort, STAT3 and STAT5B mutations were screened in the hot spot regions 73 

by Sanger sequencing, as previously reported3. Purified PCR products were sequenced using dye 74 

https://paperpile.com/c/7heSxn/gYCbB
https://paperpile.com/c/7heSxn/SEiuP
https://paperpile.com/c/7heSxn/BwhLU
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terminator technology and the ABI 3130 sequencer (Applied Biosystem). The most frequent variants 75 

were also investigated by Amplification Refractory Mutation System-polymerase chain reaction 76 

(ARMS-PCR), as previously described14. Patients from the discovery cohort were also screened for 77 

the presence of additional oncogenic variants reported to be associated with T-LGLL, by variant 78 

calling from RNA-seq data, as described in Supplementary Information. 79 

 80 

RNA-sequencing 81 

Purified T-LGL were obtained from PBMC of patient and HD with magnetic micro-beads (Miltenyi 82 

Biotec) coated with monoclonal anti-human CD8, CD57 or CD56. Purity and viability of purified cells 83 

were assessed by flow cytometry. A threshold of at least 98% T-LGLs on all the acquired events 84 

coupled with contamination lower than 0.1% of monocytes was accepted. 85 

Total RNA was extracted with the RNeasy Mini Kit (Qiagen) in combination with on-column DNase I 86 

digestion (RNase-Free DNase set, Qiagen). RNA quality was assessed using the RNA 6000 Nano and 87 

RNA 6000 PICO assays on a 2100 Bioanalyzer (Agilent). Sequencing libraries were prepared using a 88 

TruSeq Stranded Total RNA Kit adapted for long fragments (±550 bp) with the Ribo-Zero Gold rRNA 89 

Removal Kit (Illumina). Prepared libraries were run on a HiSeq3000 high-throughput sequencing 90 

system (Illumina) and paired-end reads were generated (315 million reads per sample, on average).  91 

 92 

Bioinformatics analysis 93 

Assessment of RNA-seq data quality was performed for each sample with FASTQC software. RNA-94 

seq data were analyzed for reads alignment and transcripts quantification by CircComPara2 95 

pipeline26, which quantifies gene expression using StringTie. The estimates were summarized with 96 

the tximport package.  97 

Genes with less than 10 reads in at least 5 samples were considered not expressed and removed 98 

from the analysis. Expression values were normalized for removing batch effects and other 99 

unwanted variations in the sequencing by a Surrogate Variable Analysis (sva package). Differential 100 

expression of linear transcripts was assessed using DESeq2 and set an adjusted p-value <= 0.01 as 101 

the significance threshold for all contrasts. The variation coefficient (VC) was used to rank genes by 102 

expression profile variability. 103 

https://paperpile.com/c/7heSxn/Yhx9c
https://paperpile.com/c/7heSxn/WIaZ
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Gene clustering analysis was obtained by the degPatterns function of the DEGreport R package. This 104 

analysis was applied to the normalized counts data of differentially expressed genes. The divisive 105 

hierarchical clustering was conducted using the diana function in R, based on the Kendall rank 106 

pairwise correlation coefficient between genes. Only clusters with at least 5 genes were retained.  107 

Gene set enrichment analysis (GSEA) was performed using the  R  packages "clusterProfiler"27, 108 

"enrichplot" and "ViSEAGO" 28.  109 

 110 

Transcript and protein expression quantification 111 

Methods for quantification of selected gene transcripts, by RT-qPCR, are detailed in Supplementary 112 

Information. 113 

 114 

Treatments and evaluation of cell viability 115 

PBMC from patients (2×106 cells/mL) were cultured in RPMI-1640 medium (EuroClone), 116 

supplemented with 10% FCS (Sigma-Aldrich), 2mM Glutamine, 25mM Hepes, 100 U/mL penicillin 117 

and 100 mg/mL streptomycin (EuroClone) and grown in 5% CO2 at 37°C. Cells were treated with 118 

Stattic 2.5 μM, a selective STAT3 inhibitor. T-LGLs viability was evaluated by Annexin V (BD 119 

Pharmingen) staining and flow cytometry.  120 

 121 

Results 122 

Key aberrant expression patterns differentiate the T-LGLL subgroups 123 

High-depth RNA-seq data were obtained from a discovery cohort of 20 T-LGLL patients (GEO 124 

GSE228868), equally stratified into four distinct T-LGLL subtypes (5 patients/group), defined based 125 

on the immunophenotype of the leukemic clone (CD8+ or CD4+) and STAT3/STAT5B mutational 126 

status (Table 1, Figure 1A). Cytotoxic CD8+CD57+ T-cells from 5 healthy controls (CTR) (Figure 1A) 127 

were included as a normal counterpart, being the closest cell of origin of all the four T-LGLL subtypes 128 

considered in the study (Supplementary Figure 1). Considering the clinical features of the enrolled 129 

patients (Table 2), all CD8+ STAT3-mutated cases were neutropenic, in line with previously reported 130 

series3,6. Variant calling from RNA-seq data revealed a subclonal STAT5B variant in one STAT5B-131 

mutated case, as well as oncogenic variants in seven additional genes across different patients, all 132 

https://paperpile.com/c/7heSxn/uYBZw
https://paperpile.com/c/7heSxn/y6V9c
https://paperpile.com/c/7heSxn/BwhLU+SEiuP
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previously reported in T-LGLL, obtaining a better characterization of the patient genetic profile 133 

(Supplementary Methods and Supplementary Table 2). 134 

The transcriptomic profiles of T-LGLL and CTR samples (29,947 genes considered) were then 135 

investigated to look for both disease-specific dysregulation and transcriptional differences across 136 

patient subgroups. A first comparison of the gene expression profiles of the four T-LGLL groups in 137 

relation to CTR (Figure 1A-B), using stringent criteria, led to the identification of 2,335 differentially 138 

expressed genes (DEGs, FDR <= 0.01; Supplementary Table 3). To capture the main patterns of 139 

expression, unsupervised sample clustering was performed on the most variable 1,000 DEGs, 140 

resulting in the definition of twelve clusters, each containing at least 5 genes (Figure 1B-C). In 141 

addition to a clear separation of patients from CTR, sample clustering also separated CD8+ STAT3-142 

mutated from all the other T-LGLL cases, pointing toward a more marked dysregulation of the 143 

transcriptome in link with hyperactivating STAT3 mutations. 144 

Two of the largest gene clusters (3 and 4, including 141 and 284 genes, respectively) were down-145 

regulated in T-LGLL with respect to CTR, particularly in the CD8+ STAT3 group (f.i. CCR7 was down-146 

regulated in all patients, whereas LAIR1 and IL7R particularly in CD8+ STAT3-mutated cases). 147 

Clusters 1 (45 genes, f.i. MCC, GIMAP1.GIMAP5 readthrough, PAGE5, LRP12) and 12 (10 genes, f.i 148 

FIRRE, ZNF618) were down-regulated specifically in the presence of STAT3 mutation. Several genes 149 

were similarly down-regulated in all T-LGLL, somewhat less markedly in STAT3-mutated cases, e.g. 150 

cluster 2 (149 genes, including key receptors like IL23R and KLRB1) and cluster 8 (46 genes, including 151 

tumor suppressors like BEND5 and TCEA3). On the other hand, genes up-regulated in T-LGLL, 152 

particularly in the presence of STAT3 mutations, were grouped in clusters 5 (54 genes, including the 153 

previously reported ZBTB4624 and CIITA, BATF, IFNG), 9 (12 genes, f.i. VCAM1, RYR1) and 10 (60 154 

genes, f.i. EGR4, ME3). Of note, genes of clusters 6, 7 and 11 (124, 53 and 13 genes, respectively) 155 

showed up-regulation in most LGLL samples, excluding the most symptomatic STAT3-mutated 156 

cases.  157 

The down-regulation of MCC (cluster 1), LAIR1 and IL7R (cluster 3) in T-LGLL and their even more 158 

marked reduction in STAT3-mutated cases was confirmed by RT-qPCR (Figure 1D) in an independent 159 

cohort of patients (Supplementary Table 1), supporting the robustness of our data.  160 

 161 

https://paperpile.com/c/7heSxn/c7xr0


9 
 

 

 

 
 

STAT3-mutated CD8+ T-LGLL are characterized by a unique transcriptomic signature 162 

Unsupervised principal components analysis and clustering of the whole gene expression profiles 163 

clearly separated T-LGLL from CTR samples (Figure 2A-B). The CD8+ STAT3 T-LGLL group, 164 

characterized by a more symptomatic disease, was distinguished from the other three subtypes 165 

(from now on considered as a single group, named “others”, OTH) and from CTR, confirming a 166 

peculiar profile of STAT3-mutated cases, in line with the results reported in Figure 1B-D. Considering  167 

these data and the clinical features of CD8+ STAT3-mutated cases, additional studies were focused 168 

on the pairwise comparisons of two main entities, i.e. CD8+ STAT3 and OTH T-LGLL, with respect to 169 

CTR and to each other (Figure 2C; Supplementary Table 4).  170 

CD8+ STAT3 T-LGLL had a significantly altered transcriptome, witnessed by a total of 1,612 detected 171 

DEGs, with the majority (69%) being down-regulated in leukemic T-LGL compared to CTR (Figure 2C-172 

D). A similar number of genes (1,707) were dysregulated (60% down-regulated) in OTH T-LGLL 173 

(Figure 2E). Direct comparison of CD8+ STAT3 with OTH T-LGLL enabled the identification of 2,291 174 

DEGs, mostly (61.2%) down-regulated in the former (Figure 2F). As shown in the Venn diagram 175 

(Figure 2C), 641 genes were aberrantly expressed in both patient groups, with 488 being similarly 176 

altered and 153 showing differences between CD8+ STAT3 and OTH T-LGLL samples. Of note, most 177 

of the commonly dysregulated genes were concordantly up- or down-regulated in all cases. 178 

However, a more marked dysregulation in the presence of STAT3 genetic lesions was observed for 179 

most of the genes with aberrant expression (Supplementary Figure 2).  180 

Distinct genes were specifically up-regulated in STAT3-mutated CD8+ T-LGLL as compared to CTR. 181 

The most dysregulated ones included STAT3 transcriptional targets, such as VCAM1, and other 182 

genes like ZBTB4624 and TNFRSF9, whose differential expression was confirmed by RT-qPCR in the 183 

extended cohort (Figure 3A). Among the class of dysregulated long non-coding RNAs (lnc-RNAs), it 184 

is noteworthy to mention the Plasmacytoma variant translocation 1 (PVT1), due to its known 185 

association with oncogenic mechanisms in solid cancers and other hematologic malignancies29. 186 

Firstly, we confirmed the specific up-regulation of PVT1 observed in STAT3-mutated cases in an 187 

independent cohort of T-LGLL cases (Figure 3B). In addition, by treating samples (PBMC) from 188 

STAT3-mutated T-LGLL patients with Stattic, a STAT3 inhibitor, we observed a significant reduction 189 

https://paperpile.com/c/7heSxn/c7xr0
https://paperpile.com/c/7heSxn/lu0uq
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of PVT1 RNA (Figure 3C), consistent with the lower PVT1 expression observed in T-LGLL cases with 190 

STAT3 wild-type. This finding suggests a dependency of PVT1 expression on STAT3 hyperactivation. 191 

Next, we explored some of the putative mechanisms by which PVT1 might contribute to the disease 192 

pathogenesis. We excluded a PVT1-mediated overexpression of MYC30, being the expression of this 193 

oncogene significantly down-regulated in STAT3-mutated T-LGLL as compared to CTR (Figure 3D). 194 

Thus, we considered a possible interaction between PVT1 and the Enhancer Of Zeste 2 Polycomb 195 

Repressive Complex 2 Subunit (EZH2)31, which plays a role in epigenetic remodeling, leading to 196 

transcriptional repression of target genes. This hypothesis, based on the massive gene 197 

downregulation observed in STAT3-mutated patients, is supported by the significant upregulation 198 

of EZH2 observed in malignant cells compared to CTR samples (Figure 3E). In addition, we found a 199 

significantly increased expression of the murine double minute 2 (MDM2), a negative regulator of 200 

the tumor suppressor p53, in CD8+ STAT3 cases with respect to OTH T-LGLL and CTR (Figure 3F). 201 

This finding might also support a role of PVT1 in suppressing cell apoptosis and enhancing cell 202 

proliferation through the stabilization of MDM2 mRNA31.  203 

 204 

Activation of pro-survival pathways is the hallmark of STAT3-mutated T-LGLL whereas GPCR 205 

signaling suppression characterizes STAT3 mutation negative cases 206 

Understanding the pathogenetic relevance of the extensive gene dysregulation observed in T-LGLL 207 

required further investigation of the biological functions and signaling pathways altered in the 208 

disease. In this regard, gene set enrichment analysis (GSEA) highlighted that distinct signaling 209 

pathways are activated in the CD8+ STAT3 and OTH T-LGLL compared with CTR, also revealing the 210 

differences between the two main patient subgroups in terms of pathway activation. CD8+ STAT3 211 

T-LGLL presented alterations in 46 Reactome pathways, which were clustered in 5 main groups (DNA 212 

damage response; TCR and NF-kB signaling; Cell cycle; Interferon, IL-37, PD-1 and G protein-coupled 213 

receptor signaling (GPCR) signaling; TLR receptor cascade) (Figure 4A). All these pathways were 214 

activated in STAT3-mutated samples, except for GPCR signaling. Differently, OTH T-LGLL showed 215 

only eight aberrantly active Reactome pathways, including 3 activated pathways primarily related 216 

to Interferon and TCR signaling, and 5 inhibited pathways, all belonging to the GPCR signaling (Figure 217 

4B).  218 

https://paperpile.com/c/7heSxn/yYq2k
https://paperpile.com/c/7heSxn/hYi0
https://paperpile.com/c/7heSxn/hYi0
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The extensive activation of pro-survival pathways observed in CD8+ STAT3 T-LGLL was primarily due 219 

to the enrichment of genes involved in DNA-damage response (both p53-dependent and -220 

independent checkpoint regulation) and in cell cycle regulation, particularly mitotic cycle 221 

modulation via APC/C. Specifically, we found 17 and 10 significantly enriched pathways with positive 222 

NES, respectively. Noteworthy, the regulation of apoptosis (with the overexpression of anti-223 

apoptotic genes, such as ARHGAP10 and RhoA) and protein degradation functions (e.g., ubiquitin 224 

and several proteasome subunits) were among the most hyperactive pathways in STAT3-mutated 225 

cases. 226 

Overall, the TCR and Interferon signaling activation were shared by all T-LGLL cases, although 227 

extensively in the presence of STAT3 activating mutations (Figure 4C). Suppression of GPCR was a 228 

common trait of patients, nevertheless more inhibited in OTH T-LGLL cases, that were characterized 229 

by a defective expression of genes such as CCR2, CCR7, CCR9, WNT11, TIAM genes. Interestingly, 230 

and in line with above-described observations, only one enriched pathway emerged in the direct 231 

comparison of CD8+ STAT3 and OTH T-LGLL, i.e. the activation of the cell cycle checkpoint pathway 232 

represents a distinctive feature of STAT3-mutated T-LGLL (Figure 4D). 233 

 234 

PIM1 over-expression is a key feature of STAT5B-mutated CD4+ T-LGLL 235 

Next, we explored CD4+ T-LGLL patients, further distinguished in two subgroups based on the 236 

presence of STAT5B mutations. Differential expression tests of pairwise comparisons between CD4+ 237 

STAT5B-mutated, CD4+ WT and CTR were performed (Figure 5A), identifying a total of 881 and 945 238 

dysregulated genes, respectively (Figure 5A-B). A slight tendency towards a prevailing gene down-239 

regulation was observed, with 56% of genes less expressed in T-LGLL cases in both comparisons. 240 

Most (630) DEGs were commonly dysregulated in both groups, irrespective of the presence of 241 

STAT5B lesions. Nevertheless, differences between STAT5B-mutated and WT subgroups could be 242 

observed (Figure 5A-B). In line, the direct comparison of CD4+ STAT5B versus CD4+ WT T-LGLL cases 243 

identified 52 DEGs, with 27 not significantly altered in comparison with the normal counterpart (e.g. 244 

the experimentally validated RAP2A, SOCS2, Figure 5C) and 25 dysregulated in at least one group. 245 

In detail, 2 genes were dysregulated in both comparisons: ZNF876P was up-regulated in CD4+ T-246 

LGLL, but more in STAT5B-mutated cases, whereas RNF157 (Figure 5C) was down-regulated, 247 
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particularly in WT cases. Fourteen genes were aberrantly expressed only in CD4+ WT with respect 248 

to CTR, including JAK2 (Figure 5C). Nine differentially expressed genes were found in the comparison 249 

of CD4+ STAT5B-mutated and CTR. Among the features linked to the STAT5B mutation (Figure 5D), 250 

the up-regulation of PIM1, confirmed in the extended cohort (Figure 5E), particularly attracted our 251 

interest. Taking advantage of three available T-LGLL samples diagnosed with the rare and highly 252 

aggressive CD8+ STAT5B-mutated T-LGLL form (Supplementary Table 5), we investigated PIM1 253 

expression also in this additional T-LGLL subgroup. Our goal was to evaluate whether PIM1 could 254 

represent a molecular alteration linked to the occurrence of STAT5B mutations. Notably, our data 255 

revealed the PIM1 up-regulation represents an alteration uniquely present in the CD4+ STAT5B-256 

mutated T-LGLL, characterized by an indolent clinical course. In contrast, a defective expression of 257 

PIM1 was observed in T-LGLs from aggressive CD8+ STAT5B-mutated patients, compared to both 258 

CD4+ T-LGLL and CTR (Figure 5E).  259 

 260 

Discussion 261 

In this study we present novel insights into the transcriptomic features of T-LGLL, highlighting the 262 

distinction between major T-LGLL subsets based on molecular data, particularly STAT3 and STAT5B 263 

mutations, which correlate with the different clinical courses observed in patients.  264 

Through RNA-seq profiling of purified T-LGLs, we extend previous NGS-based findings in T-LGLL24, 265 

providing new data on gene expression patterns and pathway activations in both CD8+ and CD4+ T-266 

LGLL subtypes, further stratified by the genetic status of STAT3 and STAT5B. By including distinct 267 

immunophenotypic and molecular disease subtypes, we found that STAT3-mutated patients, which 268 

are typically the most symptomatic and treatment-requiring32, exhibit distinct transcriptome 269 

profiles compared to all other T-LGLL subgroups considered in this study. This finding underscored 270 

the need to further investigate gene expression patterns and dysregulated pathways within these 271 

two main T-LGLL entities. Interestingly, they presented only a partial overlap of genes with aberrant 272 

expression, with the majority of commonly dysregulated transcripts showing more pronounced 273 

alterations in presence of STAT3 genetic lesions.  274 

The interpretation of the pathogenetic relevance of the extensive gene dysregulation observed in 275 

T-LGLL, particularly in STAT3-mutated cases, required further investigation of signaling pathways 276 

https://paperpile.com/c/7heSxn/c7xr0
https://paperpile.com/c/7heSxn/ETqYf
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alteration. The predominant activation of DNA damage response and cell cycle pathways might 277 

result from the widespread downregulation of genes that potentially inhibit these pathways. For 278 

instance, we observed a defective expression of LAIR1 (Leukocyte Associated Immunoglobulin Like 279 

Receptor 1), which exerts a constitutive negative regulatory role of immune cell cytolytic functions. 280 

Additionally, LAIR1 plays a role in the recruitment and activation of SHP-133, a tyrosine phosphatase 281 

that functions as a negative regulator of several pathways, including the JAK/STAT3 axis34. Among 282 

genes with defective expression, it is also noteworthy to mention MCC (Mutated In Colorectal 283 

Cancers), which is specifically down-regulated in STAT3-mutated cases. Functional studies in 284 

colorectal cancer revealed that MCC is a candidate tumor suppressor that negatively regulates cell 285 

cycle progression, cell proliferation and migration, and is required for DNA damage response35. Loss-286 

of-function mutations or decreased expression of this gene has also been reported in many other 287 

solid tumors36.  288 

Our observation of a global reduction of gene expression could be consistent with epigenetic 289 

disturbances in T-LGLL cells, which are described as a general hallmark of the disease. Indeed, 290 

several down-regulated genes in our data-set were found to have hypermethylated promoter and 291 

regulatory regions37. For instance, the observed defective expression of the experimentally 292 

validated IL7R and of BCL11B is in line with previous findings37, corroborating the robustness of our 293 

data. Similarly, the observed up-regulation of other genes (e.g. IL7) could be explained by the 294 

respective gene promoter hypomethylation37. 295 

Otherwise, the extensive gene expression dysregulation observed in STAT3-mutated cases can also 296 

be due to the direct STAT3 transcriptional activity. This is exemplified by one of the most up-297 

regulated transcripts, i.e. VCAM1, a STAT3-target involved in leukocyte-endothelial cell adhesion 298 

and signal transduction, which may also play a role in the development of rheumatoid arthritis38, an 299 

autoimmune disorder often reported in association with T-LGLL.  300 

Overall, the observed impact of STAT3 mutations on transcriptomic alterations in the analysed 301 

patients, predominantly characterized by clonal STAT3 mutations, aligns with previously published 302 

single-cell RNA-seq data, which demonstrate that STAT3-mutated clonotypes exhibit deregulated 303 

expression of genes involved in T cell survival and cytokine signaling compared to their unmutated 304 

counterparts within the same patient39. 305 
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Besides identifying differentially expressed protein-coding genes, a novel aspect of this study is the 306 

first-time investigation of long non-coding RNAs in LGLL patients. In particular, our attention was 307 

attracted by the aberrantly expressed PVT1, which plays oncogenic roles (mainly due to increased 308 

copy number and overexpression) in several types of solid and hematological cancers30. Our results 309 

showed that PVT1 overexpression is specific for STAT3-mutated T-LGLL, also providing evidence of 310 

a STAT3-dependency, similarly to what observed in colorectal cancer, where a STAT3-PVT1 feed-311 

forward regulatory loop was described40. Most importantly, we speculate a possible role of PVT1 312 

overexpression in sustaining malignant cell features in the most symptomatic group of cases. 313 

Functional studies on PVT1 are complicated by its multiple transcript variants, both linear and 314 

circular. Herein, we addressed some putative mechanisms by which the lnc-PVT1 might contribute 315 

to T-LGLL pathogenesis. Due to their close proximity at the 8q24 locus, PVT1 and the oncogene MYC 316 

are often considered twin players and a positive interaction feedback loop has been demonstrated 317 

in other hematological malignancies29. However, our finding of MYC down-regulation in leukemic T-318 

LGLs ruled out this hypothesis. Further analyses were aimed to evaluate PVT1 putative interaction 319 

with EZH2, playing a role in gene silencing. The finding of an upregulation of EZH2 support a possible 320 

involvement of the PVT1/EZH2 complex in the epigenetic remodeling occurring in T-LGLL. In 321 

addition, PVT1 might also promote the stabilization of other target genes, including MDM2, that we 322 

found upregulated in CD8+ STAT3 T-LGLL. MDM2 plays a critical role in p53 regulation, and its 323 

aberrant expression may result in the suppression of cell apoptosis and enhanced cell proliferation, 324 

as emerged from the GSEA. 325 

Another highlight of this study was the identification of PIM1 overexpression in STAT5-mutated 326 

CD4+ T-LGLL cases. CD4+ T-LGLL represents a still less characterized subset of disease, being a rare 327 

and clinically indolent variant. In the genetic landscape of the disease, STAT5B mutations are of 328 

particular interest due to their opposite clinical significance they can assume. Indeed, in the CD8+ 329 

T-LGLL subtype they are associated with an aggressive and chemo-resistant disease with a poor 330 

prognosis. Our RNA-seq data revealed a limited biological impact of STAT5B mutations, as they do 331 

not significantly modify the transcriptional profile within the patient cohort. This suggests that the 332 

molecular impact of STAT5B mutations may be balanced by compensatory molecular mechanisms. 333 

In this regard, one of the most interesting findings is the peculiar over-expression of PIM1 observed 334 

https://paperpile.com/c/7heSxn/yYq2k
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in the group of mutated patients, which may play a central role in regulating STAT5B axis. Previous 335 

evidence has demonstrated PIM1 interaction with members of the SOCS family, contributing to their 336 

inhibitory activity on STAT541. In the context of T-LGLL, we can speculate that PIM1 represents a 337 

crucial crossroad in the negative feedback regulation of STAT5B and that a supraphysiological level 338 

of PIM1 could mitigate the effect of STAT5B hyperactivating mutations, resulting in a clinically 339 

indolent disease as observed in CD4+ T-LGLL. Our finding of a defective PIM1 expression in a small 340 

cohort of aggressive CD8+ T-LGLL supported the reasonableness of our hypothesis, along with the 341 

finding of PIM1 down-regulation in another aggressive mature T-cell leukemia, i.e. T-cell 342 

prolymphocytic leukemia42. Further analyses are required to confirm the data in a larger cohort of 343 

cases and to evaluate whether the defective expression of PIM1 might become a novel potential 344 

therapeutic target.  345 

Lacking robust biological rationale for personalized therapy, T-LGLL remains an incurable disease, 346 

leaving patients with limited, nonspecific therapeutic options. A more comprehensive 347 

understanding of the underlying biological mechanisms driving the different clinical courses and 348 

outcomes of patients is crucial for advancing the development of novel therapeutic approaches.  349 

Our results have made significant contributions to the knowledge of transcriptomic abnormalities 350 

in leukemic LGL, particularly regarding the major clinically relevant disease subtypes. We envisage 351 

that future research will delve deeper into the T-LGLL transcriptome, possibly focusing on diverse 352 

classes of non-coding RNAs that are promising sources of potential therapeutic targets and in turn 353 

on the design of innovative RNA-based treatment strategies for T-LGLL patients. 354 
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Table 1. Characteristics and molecular data of T-LGLL patients of the discovery cohort, equally divided in CD8+ (N=10) 485 

and CD4+ (N=10), with each group comprising half of cases with STAT3 or STAT5B mutations, respectively.  486 

CODE Sex/Age T-LGLL 
Immunophenotype 

of the T-LGL clone 

TCR 

rearrangement 

TCR  

Vb* 

STAT3/STAT5B 

mutations 

01 F/49 CD8+ CD16+/CD56-/CD57+ C 17 STAT3 Y640F 

02 F/67 CD8+ CD16+/CD56-/CD57+ C 2 STAT3 D661Y 

03 M/59 CD8+ CD16+/CD56-/CD57+ C ND * STAT3 Y640F 

04 F/84 CD8+ CD16+/CD56-/CD57+ C 3 STAT3 Y640F 

05 M/56 CD8+ CD16+/CD56-/CD57+ C 2 STAT3 D661V 

06 F/79 CD8+ CD16-/CD56-/CD57+ C 8 WT 

07 M/79 CD8+ CD16-/CD56+/CD57+ C ND * WT 

08 F/81 CD8+ CD16-/CD56+/CD57+ C ND * WT 

09 M/63 CD8+ CD16-/CD56-/CD57+ C 1 WT 

10 M/64 CD8+ CD16-/CD56+/CD57+ C 13.1 WT 

11 M/77 CD4+ CD16-/CD56+/CD57+ C 5.1 STAT5B N642H 

12 M/85 CD4+ CD16-/CD56+/CD57+ C 13.1 STAT5B Y665F 

13 F/77 CD4+ CD16+/CD56+/CD57+ C ND * STAT5B T628S 

14 M/71 CD4+ CD16-/CD56+/CD57+ C 13.1 STAT5B Y665F 
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15 M/75 CD4+ CD16-/CD56+/CD57+ C 8 STAT5B T628S 

16 F/64 CD4+ CD16+/CD56+/CD57+ C 3 WT 

17 M/61 CD4+ CD16-/CD56+/CD57+ C 13.1 WT 

18 M/73 CD4+ CD16-/CD56+/CD57+ C ND * WT 

19 M/74 CD4+ CD16-/CD56+/CD57+ C 13.1 WT 

20 M/72 CD4+ CD16-/CD56+/CD57+ C 1 WT 

 487 

Note: C: clonal, CD: Cluster of differentiation, F: female, M: male, STAT3: Signal transducer and activator of 488 

transcription 3, STAT5B: Signal transducer and activator of transcription 5B, TCR Vβ: T-cell Receptor Variable 489 

β-chain Region (TCR-Vβ) repertoire (* ND: Not defined using the IOTest Beta Mark TCR-Vβ Repertoire kit, 490 

covering approximately 75% of Vb regions), WT: Wild type. TCR clonal rearrangement was evaluated by 491 

IdentiClone TCR γ gene Rearrangement Assay (Invivoscribe, San Diego, CA). 492 

 493 

Table 2. Clinical features of the 20 T-LGLL patients of the discovery cohort.  494 

T-LGLL subgroup CODE 
WBC 

109/L 

ALC 

109/L 

T-LGL 

109/L 

ANC 

109/L 

Hb 

g/L 

PLT 

109/L 

CD8+ T-LGLL 

STAT3-mutated 

01 5.44 4.31 2.80 0.34 133 193 

02 12.99 11.87 8.07 0.64 127 162 

03 4.42 2.80 1.68 0.95 142 266 

04 5.56 4.23 2.07 0.65 129 233 

05 5.69 3.90 2.22 0.88 140 141 

CD8+ T-LGLL 06 6.80 3.59 1.80 2.92 130 151 
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WT 
07 8.81 4.25 2.80 3.37 152 208 

08 9.19 6.80 5.10 1.84 130 186 

09 6.87 3.50 1.40 2.58 155 311 

10 7.01 1.80 1.19 4.48 131 223 

CD4+ T-LGLL 

STAT5B-mutated 

11 12.61 6.36 3.18 4.27 148 266 

12 9.53 3.60 2.41 3.42 132 164 

13 5.59 3.43 2.16 1.92 134 190 

14 14.60  5.05 2.78 2.52  146  217  

15 19.06 12.15 11.18 4.09 162 199 

CD4+ T-LGLL 

WT 

16 14.03 4.27 2.18 6.63 148 330 

17 7.35 4.94 2.47 1.70 150 159 

18 9.84 5.85 4.91 3.72 148 263 

19 15.48 10.98 8.56 3.92 150 164 

20 16.01 3.91 1.92 3.07 143 234 

 495 

Note: ALC: absolute lymphocyte count, ANC: absolute neutrophil count, Hb: hemoglobin, PLT: platelets, T-496 

LGL: T-Large Granular Lymphocytes, WBC: white blood count.  497 
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Figure legends 498 

 499 

Figure 1. Study design and sample clustering analysis based on gene expression profiles 500 

A) Study design and T-LGLL patient sample groups; B) Heatmap (standardized expression, distance 501 

etc) and C) Clustering of the expression profiles of the 1000 most variable genes among those 502 

significantly differentially expressed when comparing each of the four T-LGLL groups with respect 503 

to CTR samples (DESeq2 p-value <= 0.01). In panel C) the y-axis shows the Z-score, thus values are 504 

centered to the mean and scaled to the standard deviation by each gene. D) Boxplot of the relative 505 

gene expression quantified by RT-qPCR (Delta Delta Ct (DDCt) method; GAPDH used as reference 506 

gene; Mean ± SD shown; A.U., Arbitrary Units) in a validation group of patients (5 samples/group 507 

for each gene), characterized for immunophenotype and STAT3/STAT5B mutational status, and CTR 508 

samples. *, p<0.05; **, p<0.01; ***, p<0.001. 509 

 510 

Figure 2. Gene expression dysregulation in T-LGLL defines two main subgroups of cases 511 

A) PCA and B) hierarchical clustering of samples according to gene expression profiles correlation-512 

based distance; C) Overlap of the genes differentially expressed when comparing STAT3 CD8+ LGLL 513 

with CTR samples, OTH LGLL with CTR samples and STAT3 CD8+ LGLL with OTH. D) Volcano plot and 514 

F) Heatmap of significantly differentially expressed genes in each comparison. 515 

 516 

Figure 3. PVT1 upregulation in STAT3-mutated T-LGLL  517 

A) Boxplot of the relative gene (VCAM1, ZBTB46, TNFRSF9) expression quantified by RT-qPCR (Delta 518 

Delta Ct (DDCt) method; GAPDH used as reference gene; Mean ± SD shown; A.U., Arbitrary Units) 519 

in a validation group of patients (5 samples/group for each gene, characterized for 520 

immunophenotype and STAT3/STAT5B mutational status) and CTR samples. *, p<0.05; **, p<0.01; 521 

***, p<0.001; B) Boxplot of PVT1 expression according to RT-qPCR analysis; Mean ± SD are shown); 522 

C) PVT1 expression, analyzed by RT-qPCR, in CD8+ T-LGLs from STAT3 mutated patients cultured for 523 

6 hours with 5 μM Stattic or DMSO as control (N=4; expression is reported as fold decrease relative 524 

to DMSO-treated cells, after GAPDH normalization. Mean ± SD are shown); D) Boxplot of MYC 525 
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expression according to RNA-seq quantification; E) Boxplot of EZH2 expression according to RNA-526 

seq quantification; F) Boxplot of MYC expression according to RNA-seq quantification. 527 

 528 

Figure 4. Pathway dysregulation in T-LGLL subgroups 529 

Clustering of the Reactome pathways significantly enriched according to GSEA comparing A) STAT3 530 

CD8+ LGLL with CTR samples; B) OTH LGLL with CTR samples and C) Circos plot showing the overlap 531 

of pathways significantly enriched in the group comparisons above (the width of the belts 532 

connecting comparisons to pathways is proportional to the number of pathways enriched); D) 533 

Clustering of the Reactome pathways significantly enriched according to GSEA comparing STAT3 534 

CD8+ LGLL with OTH. In A), B and D) positive and negative values of the normalized enrichment 535 

score (NES) indicate the extent of pathway overrepresentation among up- and down-regulated 536 

genes, respectively, and the dot size in proportion to the number of genes involved.  537 

 538 

Figure 5. CD4+ T-LGLL transcriptomic alterations features. A) Heatmap of the expression profiles 539 

and B) overlap of the genes significantly differentially expressed (DESeq2 p-value <= 0.01) when 540 

comparing STAT5b mutated and not mutated CD4 T-LGLL among themselves and across the normal 541 

counterpart; C) Boxplot of the relative gene (RNF157, JAK2, RAP2A, SOCS2) expression quantified 542 

by RT-qPCR (Delta Delta Ct (DDCt) method; GAPDH used as reference gene; Mean ± SD shown; A.U., 543 

Arbitrary Units) in a validation group of patients (3 samples/group for each gene, characterized for 544 

immunophenotype and STAT3/STAT5B mutational status) and CTR samples. *, p<0.05; **, p<0.01; 545 

D) Closeup of the expression profiles of genes altered more specifically in link with STAT5b lesions 546 

(bold numbers in panel B); E) Boxplot of the relative PIM1 expression quantified by RT-qPCR (Delta 547 

Delta Ct (DDCt) method; GAPDH used as reference gene; Mean ± SD shown; A.U., Arbitrary Units. *, 548 

p<0.05; ***, p<0.001; ***, p<0.0001 549 
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