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ABSTRACT

-cell prolymphocytic leukemia (T-PLL) is a poor-prognostic mature

T-cell malignancy. It typically presents with exponentially rising

lymphocyte counts, splenomegaly, and bone marrow infiltration.
Effective treatment options are scarce and a better understanding of T-
PLL’s pathogenesis is desirable. Activation of the TCL1 proto-oncogene
and loss-of-function perturbations of the tumor suppressor ATA are T-
PLLs genomic hallmarks. The leukemic cell reveals a phenotype of active
T-cell receptor (TCR) signaling and aberrant DNA damage responses.
Regulatory networks based on the profile of microRNA (miR) have not
been described for T-PLL. In a combined approach of small-RNA and
transcriptome sequencing in 46 clinically and moleculary well-character-
ized T-PLL, we identified a global T-PLL-specific miR expression profile
that involves 34 significantly deregulated miR species. This pattern strik-
ingly resembled miR-ome signatures of TCR-activated T cells. By inte-
grating these T-PLL miR profiles with transcriptome data, we uncovered
regulatory networks associated with cell survival signaling and DNA
damage response pathways. Despite a miR-ome that discerned leukemic
from normal T cells, there were also robust subsets of T-PLL defined by
a small set of specific miR. Most prominently, miR-141 and the miR-
200c-cluster separated cases into two major subgroups. Furthermore,
increased expression of miR-223-3p as well as reduced expression of
miR-21 and the miR-29 cluster were associated with more activated T-
cell phenotypes and more aggressive disease presentations. Based on the
implicated pathobiological role of these miR deregulations, targeting
strategies around their effectors appear worth pursuing. We also estab-
lished a combinatorial miR-based overall survival score for T-PLL
(miROS-T-PLL), that might improve current clinical stratifications.

Introduction

T-cell prolymphocytic leukemia (T-PLL) is a neoplasm of post-thymic T cells.!
It represents the most frequent mature T-cell leukemia in Western countries,
however, with an incidence of 2 per million per year, it is still classified as an
orphan disease.” T-PLL patients typically present at a median age of about 65
years, with exponentially rising lymphocytosis, marked bone marrow infiltra-
tion, and splenomegaly.® Phenotypically, T-PLL cells resemble mature, antigen-
experienced T cells.*” The aggressive growth of T-PLL cells is paralleled by a
refractory behavior towards most conventional chemotherapies.® The current
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treatment of choice, the CD52-antibody alemtuzumab,
is efficient in inducing initial responses, but nearly all
patients relapse within 12-24 months thereafter.”*
Second-line options are even less efficient and the medi-
an overall survival (OS) of T-PLL patients is <2 years."*>"

Activating translocation of the T-cell leukemia/lym-
phoma 1 (I'CL1) proto-oncogene is the most prevalent
genetic aberration in T-PLL." In addition, loss-of-func-
tion perturbations of the tumor suppressor ataxia telang-
iectasia mutated (ATM) are reported for >80% of T-PLL
patients.! Both alterations contribute towards a pheno-
type of enhanced T-cell receptor signaling (TCR) and an
aberrant DNA damage response, including resistance to
p53-mediated cell death, deregulated cell cycle control,
and deficient DNA repair mechanisms.”"" Activating
lesions in janus kinase (JAK) and signal transducer and
activator of transcription (STAT) molecules as well as epi-
genetic aberrations have emerged as further hallmarks of
T-PLL pathology, resulting in a sustained survival signal-
ing and pro-oncogenic cell cycle deregulation."***
Despite these recent advances, a better understanding of
T-PLL's pathobiology is of importance in order to identi-
fy novel treatment options.

MicroRNA (miR) have increasingly been recognized as
relevant in the pathogenesis of hematopoetic and solid
tumors. They are small non-coding RNA with an average
length of 22 nucleotides. By targeting specific mRNA,
miR function as posttranscriptional repressors.”
Importantly, most miR regulate a large set of genes, often
resulting in a cooperative effect on a given cellular path-
way, rather than a specific effect on a single gene. Both
onco miR and tumor-suppressive miR have been causally
implicated in mature B- and T-lymphoid malignancies.””
¥ As a prominent example, chronic lymphocytic
leukemia (CLL) harbors an unique miR expression signa-
ture with miR-181b downregulation as the best investi-
gated miR deregulation.” When overexpressing miR-
181b in the Eu-TCL1A CLL mouse model, leukemic
expansion is decelerated.” Moreover, miR-181b as well
as the miR-29 and miR-34b/c were shown to target the
proto-oncogene TCL1A, reflected by an association of
their downregulation with oncogenic TCL1A overex-
pression in CLL.” Likewise, specific miR have been iden-
tified to be involved in the pathogenesis of mature T-cell
tumors such as cutaneous T-cell lymphoma (CTCL) (e.g.,
deregulation of miR-29 and miR-200)"* or NK/T-cell
lymphoma (downregulated miR-150).* In T-PLL, fre-
quent genomic aberrations of argonaute RISC catalytic
component 2 (AGO2), a master regulator of miR process-
ing,” provide first hints for altered miR activity and miR
expression signatures (miR-omes).! However, global miR
deregulations, likely involved in T-PLLs pathophysiolo-
gy, have not been reported.

In the presented study, we performed small-RNA
sequencing to investigate the spectrum of differential
miR expression in T-PLL. We identify global, T-PLL-spe-
cific miR alterations associated with gene signatures
affiliated to functional categories of survival signaling
and DNA damage response pathways. In addition, we
show that the miR-omes of T-PLL cells and of activated
T cells are remarkably similar. Finally, we identify asso-
ciations of miR alterations with cellular activation, clini-
cal tumor burden, and patient outcome, all underlining
the impact of miR deregulations in T-PLL.

Methods

Patient cohort

Primary isolates of 48 well-annotated T-PLL patients and of T
cells from six age-matched healthy donors were studied (banked
2009-2019; patient characteristics in Table 1). The diagnosis of T-
PLL was confirmed according to World Health Organization crite-
ria*® and consensus guidelines.” All patients (median age 68 years)
provided informed consent according to the Declaration of
Helsinki. Collection and use of the samples have been approved
for research purposes by the ethics committee of the University
Hospital of Cologne (#11-319). Most samples (82.6%) were col-
lected prior to any first-line treatment (n=38 of 46).

Sequencing and data processing

RNA from peripheral blood mononuclear cells (PBMC) of T-PLL
patients (median purity 95.4%) and CD3" pan-T cells of six age-
matched healthy controls (median purity 90.2%) was subjected to
library preparation and sequenced on the NovaSeq 6000 (n=48 T-
PLL) and the HiSeq4000 platform (n=46 T-PLL, Illumina, San
Diego, USA) according to the manufacturer’s instructions for
polyA-RNA and small-RNA sequencing, respectively. Details on
cell isolation, stimulation, RNA isolation, library preparation,
sequencing, and data processing are given in the Ounline

Supplementary Methods.

Gene set enrichment analysis

Gene set enrichment analysis (GSEA) were performed on pre-
ranked lists using the GSEA-software (v3.0)” and MSigDB (v7.0)*
HALLMARK gene sets. For each considered miR, Spearman corre-
lation coefficients for this miR and all protein-coding genes were
determined by comparing the respective gene's count per million
(CPM) and fragments per kilobase of million (FPKM) mapped
reads. Sorted lists of correlation coefficients were then used as
input for the GSEA.

MiR target prediction

In order to obtain putative mRNA targets for each miR, predict-
ed miR bindings were first determined using the R-package
multiMiR (v1.6.0, Database Version 2.3.0),” all of eight prediction
databases (diana_microt, elmmo, microcosm, miranda, mirdb, pic-
tar, pita, targetscan), and a 20% default prediction cutoff. All bind-
ings predicted by <2 different databases were removed. From the
remaining predicted genes, we chose those as putative miR targets
that showed a negative Spearman correlation (tho<0; P<0.05; false
discovery rate [FDR] <0.25) of their expression values with the
expression of the respective miR.

Correlations with clinical data

In order to test for associations of miR-223-3p, miR-21, miR-29,
and miR-200c/141 with clinical characteristics, cytogenetics,
immunophenotypes, and outcome data, cases were divided into
groups by the mean or tertiles as cutoffs according to the distribu-
tion of expression values within the patient cohort. Further details
on statistics are provided in the Online Supplementary Methods.

Survival score

In order to develop a survival score, we (i) randomly divided our
cohort into a training set (n=22) and a validation set (n=22). We
then (i) identified miR that were expressed in at least 80% of T-
PLL samples and (iii) that were highly associated with OS in the
training set (upper tertile of patients with highest vs. tertile with
the lowest expression) using log-rank tests. Several other parame-
ters that had been described to be prognostically relevant in T-PLL
(e.g., leukocyte counts, TCL1 mRNA expression) were added to
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Table 1. Clinical, cytogenetic and immunophenotypic characteristics of analyzed T-cell prolymphocytic leukemia (n=46 cases analyzed by small-

RNA sequencing).

Median age, years (range)"'
Sex

68 (32-88); n = 46
Male = 25
Female =21

Median OS from diagnosis, months (range)'

Median WBC count, x10%L (range)'
Median hemoglobin, g/dL (range)'

17.1 (04-98.7); n = 44

914 (16.7-825.2); n = 38
126 (6.6-16.6); n = 34

114.1 (20.8-756.2); n = 43
12.6 (6.2-15.6); n = 36

Median platelet count, x10%L (range)'
Median LDH, U/L (range)'

129 (33-438); n = 34
567 (178-9423); n = 29

118 (48-394); n = 36
795 (226-8634); n = 36

Splenomegaly (%) n = 18/29 (62.07)
Hepatomegaly (%) n =527 (18.52)
Lymphadenopathy (%)* n = 15/26 (57.69)

inv(14) (q11;932) (%)*
t(14;14) (q11;932) (%)*

n=27/36; (75.00)
n=23/35 (857)

t(X14) (q28,q11) (%)*
TCR gene rearrangement® (%)*

n=236 (556)
n=23739; (9487)

MYC amplification® (%)*

n=2327 (85.19)

ATM deletion® (%)* n=1533; (45.45)
TCL1 (%)* n=23538 (92.11)
CD3* (%)* n = 36/40;  (90.00)
CD5* (%)* n = 40/40;  (100.00)
CDT* (%)* n = 39/40; (97.50)
CD4+/CD8 (%)* n=27439; (69.23)
CD4/CD8* (%)* n="7739 (17.95)
CD4+/CD8* (%)* n=>539; (12.82)

'Range reaches from lowest value to highest value in the cohort; *percentages are out of total cases with sufficient data; *evaluated by fluorescence in situ hybridization. OS:
overall survival; TCR: T-cell receptor; WBC: white blood cell; LDH: serum lactate dehydrogenase.

the resulting miR with the strongest single OS associations (lowest
P-values) towards a multi-parameter training model. Next, (iv) we
subjected all parameters to a recursive partitioning algorithm using
the rpart R package (v.4.1-15) to identify optimum individual cut-
offs in our training set. Such deprioritizations finally retained the
four factors miR-200a-3p, miR-223-3p, miR-424-5p, and TCL1A,
for which optimum cutoffs best allowed discriminations of T-PLL
patients with shorter versus longer OS. We then (v) built multi-
variate scores for all possible combinations of these four parame-
ters, adding one point to the total score if the respective expression
cutoff was passed, and calculated optimum thresholds for these
scores. We (vi) selected the score which allowed best discrimina-
tion of OS in our training set and (vii) verified our score in the val-
idation set as well as in the total cohort of 44 T-PLL patients.

Results

Global T-cell prolymphocytic leukemia-specific
microRNA (miR) deregulations highlight differential
expression of miR-200c and miR-141 clusters

In order to investigate the spectrum of cellular miR
expressed in T-PLL, small-RNA sequencing was performed
of peripheral blood (PB)-isolated tumor cells from 46 T-PLL
patients and of pan-T cells of PB from six healthy donors. T-
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PLL patient characteristics are presented in Table 1 and sam-
ple purities in the Online Supplementary Figure S1. As T-PLL
cases show a spectrum of (often nonconventional) memory
T-cell phenotypes and of small naive subsets,” we chose
age-matched CD3" pan-T cells as controls (reflecting a rep-
resentative mix of populations) in these global profiling
analyses.

In total, we identified 2,094 miR, of which 37 miR dis-
played a differential expression in T-PLL versus healthy
donor T cells (q<0.05, Online Supplementary Table S1). Of
these, 14 miR sequences were upregulated (0.7% of all
identified miR) and 23 were downregulated in T-PLL (1.1%,
Figure 1A). While miR-6724-5p (fold change [fc]=0.18,
q<0.0001) and miR-206 (fc=0.04, q<0.0001) showed the
strongest downregulation, miR-5699-3p (fc=122, q=0.02),
miR-200c-3p (fc=38.2, q=0.005), and miR-141-3p (fc=43.2,
q=0.005) were the most upregulated. Considering all T-PLL
cases, miR-141-3p and miR-21-5p showed the highest
absolute abundance while miR-206, miR-651-3p and miR-
6774-5p displayed the lowest absolute expression (Online
Supplementary Figure S2). Among the 37 deregulated miR,
miR-6724-5p was annotated four times due to its expres-
sion from four different genomic loci. The following analy-
ses are, therefore, based on 34 miR, containing a sum




T. Braun et al.

A Differentially expressed B
miR in T-PLL
. 10-
8 o
miR-206
L]
6 - 9
L)
L]
4 * 3
E miR-29¢c-3p @ ‘;
=4 R R H
g 1.1% (n=23) 0.7% (n = 14) g
mRorapemR2ady L 5-
2 . ..miRiZ.1~5p ¥ mR-22330 o o . 2
e S o~ c 6oy MIR2006-35 ™~
0 —{98.2% (n =2057) -10-
T T T T I T T i
-4 -2 0 2 4 6 8 -20

log, fold change

Dim1 (38.6%)

PCA (miR Seq)
i pan CD3* T cells
"= (n = 6 age-matched
healthy donors)
/ [ T-PLL (n = 46 cases)
A
i |
0 10 20

[[_] pan CD3* Tcells (n = 6 age-matched healthy donors’ m

- T-PLL (n = 46 cases)

mean CPM

| -

- .
-
=

B BN

4 0 4

m 1
| |

R AR N R

| hsa-miR-29a-3p

hsa-miR-140-3p
hsa-miR-93-5p
hsa-miR-223-3p
hsa-miR-378a-3p
hsa-miR-21-5p

hsa-miR-141-3p

hsa-miR-200c-3p

hsa-miR-301a-3p

hsa-miR-130b-3p
hsa-miR-589-5p
hsa-miR-339-3p

[ ] hsa-miR-29¢-3p
hsa-miR-10395-5p
hsa-miR-21-3p
hsa-miR-1275
hsa-miR-215-5p
hsa-miR-378¢
hsa-miR-378a-5p

hsa-miR-126-5p

hsa-miR-196b-5p
hsa-miR-4781-3p
hsa-miR-10b-5p

hsa-miR-6724-5p

hsa-miR-141-5p

hsa-miR-200c-5p
hsa-miR-5699-3p
hsa-miR-6503-5p

hsa-miR-371b-5p

l hsa-miR-1-3p
| hsa-miR-6509-5p
hsa-miR-206
hsa-miR-651-3p
hsa-miR-6774-5p

[

high miR-141/-200c
4 0 4 expression cluster

10g10(CPM)

low miR-141/-200c
expression cluster

Figure 1. Global microRNA-deregulations highlight differential expression of miR-141 and miR-200c clusters in T-cell prolymphocytic leukemia. (A) MicroRNA (miR)
profiles were evaluated using small-RNA sequencing of primary human peripheral blood-derived T-cell prolymphocytic leukemia (T-PLL) cells (n=46 cases) and CD3*
healthy donor-derived pan-T cell controls (n=6 donors). Volcano plot showing fold changes (fc) and false discovery rates (FDR) of all identified miR (n=2,094).
Differentially expressed miR (n=37, Online Supplementary Table S1) are highlighted in blue (downregulation) and red (upregulation). Relative proportions are based
on all identified miR. (B) Principle component analysis (PCA) based on miR differentially expressed comparing T-PLL cases (n=46) to healthy donor controls (n=6).
Separate clustering of cases and controls indicates global differences in miR expression profiles. (C) Heatmaps of differentially expressed miR (n=34; FDR<0.05) in
T-PLL samples vs. CD3* pan-T cells of healthy donors. Left two-column heatmap: mean counts per million (CPM) values compared between healthy donor controls
(n=6) and T-PLL (n=46; red=higher expression; blue=lower expression). Right heatmap: colors represent z-scores of respective CPM values calculated for each miR
(red=higher z-score; blue=lower z-score). Control samples with slightly lower purities (77% and 85%) and T-PLL cases presenting a rather unique transcriptome, which
clusters closer to control T cells (Online Supplementary Figure S4C), are indicated by asterixis (brown: T-PLL cases; green: control cases).
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expression for miR-6724-5p. In order to validate our results
from small-RNA sequencing, we performed quantitative
real-time polymerase chain reaction (QRT-PCR) analyses of
three highly deregulated miR (miR-223-3p, miR-200c-3p,
miR-141-8p, Online Supplementary Figure S3A to C) in eight
T-PLL and four healthy donor T-cell controls. A strong cor-
relation between the results from small-RNA sequencing
and gRT-PCR (r’=0.84, P<0.0001, Pearson, Ounline
Supplementary  Figure S3D) confirmed differential
(over)expression of these miR in T-PLL and underlines the
robustness of the sequencing data. Using a previously pub-
lished independent data set from single nucleotide poly-
morphism (SNP) arrays of 83 T-PLL' (overlap of 23 cases
with the cohort presented here), we identified only small
fractions of cases to carry genomic losses of significantly
downregulated miR: miR-140-3p, miR-196b-5p (both
CN<1.5 in 4.82% of cases), miR-339-3p, and miR-589-5p
(both CN<1.5 in 8.43%, Online Supplementary Table S2).
Unsupervised clustering by principal component analysis
(PCA) based on miR differentially expressed in T-PLL versus
healthy donor T cells indicated a homogeneity across T-PLL
samples and confirmed the global differences in the miR
profiles between T-PLL and healthy controls (Figure 1B).
Interestingly, unsupervised hierarchical clustering analysis
of miR expression revealed two clusters of T-PLL cases,
which were distinguished by expression of miR-200c and
miR-141 family members (Figure 1C): 23 T-PLL cases
showed low miR-141/-200c expression as compared to
CD3* pan-T cell controls whereas 23 T-PLL samples had
higher than normal T-cell expression of miR-141 and -200c.
Besides higher serum lactate dehydrogenase (LDH) levels
(P=0.03, Mann-Whitney-Wilcoxon test [MWW)]) and a
lower incidence of TP53 deletions (by fluorescence in situ
hybridisation [FISH], P=0.02, Fisher’s exact test) in the miR-
141/-200c high-expressing cohort, we did not find other dif-
ferences between these two subsets (Online Supplementary
Table S3). Comparing the transcriptomes of cases allocated
to these two separate clusters, we identified 356 genes to be
differentially expressed (Online Supplementary Table S4). In
line with GSEA based on miR141/200c-correlated genes
(see following analyses), we identified the HALLMARK
pathways E2F TARGETS (normalized enrichment score
[NES]=4.38, ¢<0.0001) and G2M CHECKPOINT
(NES=2.68, q<0.0001) as significantly altered between the
two clusters of T-PLL. Furthermore, global miR-ome pro-
files were not associated with distinct cellular immunophe-
notypes, e.g., neither with CD45RA/RO expression (i.e.,
“memory-like” vs. “naive-like” T-PLL) nor with CD4/8
expression (Online Supplementary Figures S4A and B).

MicroRNA-profiles of T-cell prolymphocytic leukemia
resemble those of T-cell receptor signaling-activated
T cells and form regulatory networks around nodes of
DNA damage response and prosurvival signaling

In order to align the miR-ome data with those of global
transcriptome alterations, polyA-RNA sequencing was per-
formed on PB-isolated tumor cells from 41 miR-character-
ized T-PLL patients and seven additional T-PLL patients as
well as on CD3* PB pan-T cells from six age-matched
healthy donors. In total, we detected 948 protein-encoding
mRNA to be differentially expressed (q<0.05, Ounline
Supplementary Figure S5A; Online Supplementary Table S5).
Using this set of deregulated genes, PCA corroborated
homogeneity among T-PLL cases and a clear distinction to
normal T-cell controls (Online Supplementary Figure S5B). In
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accordance with published data, TCL1A (fc=1843,
q<0.0001) and CTLA4 (fc=0.06, q<0.0001) were among the
most differentially expressed genes in T-PLL versus T-cell
controls (Online Supplementary Figure S5C). In their tran-
scriptome profiles two T-PLL clustered closer to control T
cells than the bulk of cases. However, their miR expression
signature (Figure 1C) and clinical presentation did not differ
from the overall cohort.

GSEA (HALLMARK gene sets”) determined 34 gene sets
as upregulated in T-PLL when compared to T-cell controls,
of which 19 gene sets were significantly enriched at a FDR
of <5%. Sixteen gene sets were downregulated in T-PLL (11
with FDR <0.05, Online Supplementary Table S6). The iden-
tified significantly altered pathways associated with cancer
and/or immunology are presented in Figure 2A. These
included several HALLMARK gene sets reflecting dysregu-
lations in DNA damage response pathways (e.g.,, DNA
REPAIR: NES=-2.18, q=0.005; E2F TAGETS: NES=2.05,
q=0.01) and prosurvival signaling (e.g., INFLAMMATORY
RESPONSE, NES=3.12, q<0.0001; TNFA SIGNALING VIA
NFKB, NES=2.44, q=0.001), in line with previously pub-
lished data.'

As T-PLL cells generally display a mature, T-cell activated
phenotype,""' we investigated whether T-PLL cell miR-
omes resemble those of TCR-activated healthy donor-
derived T cells. For that, PBMC (to avoid direct manipula-
tion of T cells) of four healthy donors were cultured for 72
hours with and without stimulation by anti-CD3/CD28
crosslinking, followed by miR sequencing of CD3*-enriched
cells. Sample purities and experimental controls are shown
in the Online Supplementary Figure S6. We identified 56 miR
which are differentially expressed in response to TCR acti-
vation (q<0.05, Online Supplementary Figure S7A; Online
Supplementary Table S7). PCA indicated homogeneity with-
in both groups (T-PLL and normal PBMC) as well as global
differences between their TCR-induced miR profiles
(Online Supplementary Figure S7B). We identified miR
known to be affected by TCR activation (e.g., miR-150-5p)*
as well as previously unreported miR (e.g., miR-18a-5p;
Online Supplementary Figure S7C). Integrative PCA based on
differentially expressed miR in T-PLL versus healthy controls
(Figure 1C) showed that the stimulated (over unstimulated)
T cells clustered closer to T-PLL (Figure 2B). Fittingly, unsu-
pervised clustering comparing TCR-stimulated T cells to
unstimulated controls confirmed that the miR profiles of T-
PLL cells resemble the miR-ome of TCR-activated healthy
donor-derived T cells (Figure 2C).

We next assessed implicated functional relationships by
predicted mRNA targets for each deregulated miR in T-PLL.
For that, we (i) ranked mRNA based on their degree of cor-
relation with a specific miR and (ii) performed HALLMARK
set GSEA on these ranked mRNA. Pathways reflecting dys-
regulations of DNA damage response and prosurvival sig-
naling emerged as predominantly associated with the alter-
ations of miR expression. Exemplary HALLMARK path-
ways are shown in Figure 3A, a full list of gene sets is dis-
played in Ounline Supplementary Figure S8. For example, we
obtained highly significant NES for the E2F TARGET and
the IL2 STAT5 SIGNALING HALLMARK gene sets for (i)
the transcriptome of T-PLL as compared to the one of
healthy controls (E2F TARGETS: NES=1.92, g=0.02; IL2
STAT5 SIGNALING: NES=-2.86, ¢<0.0001, Ounline
Supplementary Table S6) and (ii) for most of the miR differ-
entially expressed in T-PLL (Figure 3A).

Overall, there was a striking similarity of the miR pro-
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cells. (A) Gene set enrichment analysis (GSEA) of differentially expressed mRNA in T-cell prolymphocytic leukemia (T-PLL) using HALLMARK gene sets (n=948 genes, Online
Supplementary Table S6; Online Supplementary Figure S5; total n=48 gene sets). Gene expression profiles were assessed using global mMRNA sequencing of primary T-
PLL cells (=48 cases) and healthy donor-derived CD3* pan-T cells (n=6 donors). Color code represents assignment to dysregulation to either altered DNA damage response
pathways (black) or prosurvival signaling (grey). Exemplary GSEA plots are presented (DNA REPAIR: normalized enrichment score [NES]=-2.18, q=0.008, E2F TARGETS:
NES=2.05, q=0.01, INFLAMMATORY RESPONSE: NES=3.12, q<0.0001). (B and C) T-PLL miR-omes resembled those of activated healthy donor T cells: age-matched
healthy donor-derived peripheral blood mononuclear cells (PBMC) were isolated via density gradient centrifugation. T-cell activation was achieved via antibody-mediated
CD3/CD28 crosslinking. After 72 hours (hrs), CD3" primary T cells were isolated by magnetic-activated cell sorting (MACS) (negative selection; see Method section for
details; cell purities are given in Online Supplementary Figure S6A, see Online Supplementary Figure S6B and C for control experiments on stimulation). MiR profiles were
generated using small-RNA sequencing. Unstimulated cultured controls clustered together with directly isolated control samples, indicating that there was a negligible cell
culture effect on miR expression profiles. Color code: T-PLL in brown, controls in green colors (light green: CD3" T cells cultured in vitro for 72 hrs. without stimulation; green:
CD3* T cells submitted to miR-ome sequencing directly after enrichment; dark-green: CD3" T-cell cultures at 72 hrs. subsequent to T-cell receptor [TCR] activation). (B) PCA
based on differentially expressed miR comparing T-PLL to healthy donor-derived T cells (n=37 miR, Online Supplementary Table S1). TCR-activated healthy donor-derived
T cells clustered with T-PLL cases. (C) Heatmap and clustering based on differentially expressed miR comparing healthy donor-derived T cells: unstimulated controls versus
TCR-activated condition (n=56 miR, FDR<0.05). Colors represent z-scores of CPM values calculated for each miR (blue=lower z-score; red=higher z-score).
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Figure 3. Functional affiliations of predicted microRNA-targets reflect associations with processes of altered DNA damage response and prosurvival signaling. (A)
Gene set enrichment analysis (GSEA) heatmap based on microRNA (miR) associated mRNA. GSEA were conducted for all significantly deregulated miR (n=34 miR;
Online Supplementary Table S1) using ranked correlation indices between mRNA and miR expression in 41 T-PLL and six healthy donor-derived T-cell samples.
Exemplary HALLMARK pathways are displayed. Full figure is displayed in Online Supplementary Figure S8. Color code summarizes normalized enrichment scores
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Differential expression of miR-223-3p as analyzed by small-RNA sequencing shows significant upregulation in T-PLL (n=46) over normal T-cell controls (n=6); (fc=9.85;
P=0.0002). (C) Exemplary GSEA plots of miR-223-3p correlated mRNA: P53 PATHWAY: NES=2.59, q<0.0001, G2M CHECKPOINT: NES=-2.34, q=0.003). (D) Predicted
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ulatory networks involved in DNA damage response and prosurvival signaling. Font color represents differential expression of mRNA comparing T-PLL cells (n=48
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sequencing via comparison of the lower versus upper tertile of cases. Primary T-PLL cases were evaluated for CD38 and CD69 surface expression using flow cytom-
etry (see Online Supplementary Table S8 for the comprehensive dataset). T-PLL with high miR-223-3p expression levels presented with a more activated T-cell phe-
notype (median CD38 expression: 65.5% vs. 3.6%, P=0.006; median CD69 expression: 8.5% vs. 1.0%, P=0.1; Mann-Whitney-Wilcoxon [MWW] test).
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files of T-PLL cells with those of TCR-activated T cells. By
integrating T-PLL’s miR profiles with transciptome data
via GSEA (based on differentially expressed mRNA and
on mRNA ordered by their correlation to the respective
miR), we uncovered prominent regulatory networks

around DNA damage response and prosurvival pathways
in T-PLL.

Increased miR-223-3p expression is linked to activated
T-cell phenotypes and associates with signatures

of altered DNA damage response and cell cycle
deregulation

We next focused on phenotypic and clinical associations
of miR (i) differentially expressed in our cohort and (ii)
already linked to B- and / or T-cell leukemogenesis. In our
sequencing analysis of small-RNA, miR-223-3p was signifi-
cantly upregulated in T-PLL over CD3" pan-T cells from
age-matched healthy donors (fc=9.85, P=0.0002, Figure 3B).
GSEA based on mRNA ranked by their correlation to miR-
223-3p expression revealed an association of miR-223-3p
with signatures of altered DNA damage responses (e.g., P53
PATHWAY: NES=2.59, q<0.0001) and deregulated cell-cycle
mediators (e.g., G2M CHECKPOINT: NES=-2.34, q=0.003,
Figure 3C). We further evaluated potential miR-223-3p tar-
get mRNA, by combining target prediction databases and
miR-ome - transcriptome correlations. Defining criteria of
mRNA as putative miR targets in T-PLL are outlined in the
Methods section. In total, we identified eight putative tar-
gets of miR-223-3p in T-PLL (Figure 3D). Notably, FOXO1
(tho=-0.41, P=0.005) was identified as one of them and was
significantly downregulated in T-PLL (n=32 of 48 cases with
fc<0.5 compared to normal T-cell controls). Tumor suppres-
sive FOXO1 is a prominent regulator of redox balances and
DNA insult-mediated cell death.”

When T-PLL cases were divided into three subgroups
based on miR-223-3p expression (high, medium, low), we
found that miR-223-3p expression correlated significantly
with surface expression levels of the TCR activation mark-
ers CD38 (mean surface expression: 65.5% vs. 3.6%,
P=0.006, MWW) and CD69 (mean 8.5% vs. 1.0%, P=0.1,
MWW, Figure 3E, Online Supplementary Table S8 with sum-
mary of clinical data).

Increased levels of miR-200c and miR-141 species
are associated with deregulated cell cycle molecules,
activated phenotypes, and more aggressive
presentations

Another miR family, miR-200c/-141, was significantly
upregulated in a subset of 23 T-PLL cases (Figures 4A and
1C). Upregulation for miR-141-3p was 43.2-fold
(P<0.0001), for miR-141-5p 29.0-fold (P=0.0001), for miR-
200c-3p 38.2-fold (P<0.0001), and for miR-200c-5p 56.6-
fold (P=0.003) over all cases. MiR-141-3p showed the high-
est absolute CPM values among all deregulated miR in the
entire cohort of T-PLL (mean CPM™*“% =26 561; mean
CPM of all significantly deregulated miR in T-PLL =1,440,
fc=18.4; Online Supplementary Figure S2). GSEA based on
mRNA ranked by their correlation to miR-200c¢/-141 family
members revealed significant enrichments of the HALL-
MARK E2F TARGET (NES=3.64, q<0.0001) and HALL-
MARK G2M CHECKPOINT gene sets (NES=3.05,
q<0.0001, both based on miR-141-3p correlated mRNA,
Figure 4B). Additionally, we identified 93 mRNA as poten-
tial targets of miR-200c/-141 (Figure 4C) in T-PLL. While
nine mRNA showed an overlap between miR-141-3p and

miR-200c-3p target mRNA, we found only a small set of
putative targets which were shared between either miR-
141-83p or miR-200c-3p and miR-141-5p. Exemplarily,
KAT2B, a known tumor suppressor affecting DNA damage
and cell cycle regulation,® emerged as a potential target of
miR-200c-3p (tho=-0.41, P=0.005, Spearman). Surface
expression of the T-cell activation marker CD40L was ele-
vated in cases with high miR-141-8p (mean 16.5% vs.
0.05%, P=0.03, MWW), high miR-200c-3p (mean 16.5% vs.
0.05%, P=0.03, MWW), and high miR-200c-5p expression
(mean 20.0% vs. 0.0%, P=0.009, MWW, Figure 4D). Serum
LDH levels at the time of sample correlated with increased
miR-141-3p (mean 898 U/L vs. 509 U/l, P=0.03, MWW,
Figure 4E) and elevated miR-200c-3p expression (mean 917
U/L vs. 509 U/L, P=0.02, MWW, Online Supplementary Table
S9 with summary of clinical data).

Reduced miR-21 expression is linked to features
of advanced or aggressive disease

The small-RNA sequencing analysis also revealed a 3.7-
fold reduction of miR-21-3p expression (fc=0.27, P<0.0001)
and a 3.2-fold reduction of miR-21-5p expression (fc=0.31,
P<0.0001) in T-PLL (Omnline Supplementary Figure S9A).
Interestingly, absolute expression (CPM) values of miR-21-
5p were the second most altered among all deregulated miR
in T-PLL (mean CPM of all significantly deregulated miR in
T-PLL of 1440 vs. mean CPM™*2% of 15,526, fc=10.8, Online
Supplementary Figure S2), suggesting a highly T-PLL-specific
loss of expression. GSEA of miR-21-associated mRNA
implicated relevance of this miR in apoptosis and cell cycle
regulation, as gene sets like HALLMARK P53 PATHWAY and
G2M CHECKPOINT were significantly deregulated (NES
of APOPTOSIS PATHWAY considering miR-21-5p-associat-
ed mRNA=3.89, q<0.0001; NES of G2M CHECKPOINT
considering miR-21-3p-associated mRNA=2.39, q=0.001,
Online Supplementary Figure S9B). Furthermore, we assessed
potential target mRNA of miR-21-3p and miR-21-5p as
described above (n=42, e.g., MAP3K1 as a putative target of
both miR-21-3p and miR-21-5p, Online Supplementary Figure
S9C). In contrast to the current concept of miR-21 being a
potent suppressor of cell cycle arrest and apoptosis induc-
tion, we did not find negative correlations with mRNA
mediating these published effects (e.g., PDCD4: tho=0.04,
P=0.79; BTG2: rho=0.28, P=0.05; correlations based on
miR-21-5p expression, Spearman).* Dichotomized by mean
miR-21-5p expression, T-PLL with low miR-21-5p levels
revealed higher white blood cell (WBC) counts (mean 154
G/L vs. 90.0 G/1, P=0.02, MWW) and lower platelet counts
(mean 110 G/L vs. 153 G/L, P=0.03, MWW, Ounline
Supplementary Figure S9D) at the time of sampling, indicat-
ing a more active growth behavior of T-PLL with low miR-
21 expression. Fittingly, serum levels of LDH (mean 933 U/L
vs. 522 U/L, P=0.02, MWW, Ounline Supplementary Figure
S9E) were elevated in patients with low cellular miR-21-5p
expression (Online Supplementary Table S10 with summary
of clinical data).

Reduced expression of miR-29 clusters is associated
with alterations of survival signaling and cell cycle
regulators reflected in features of a more active
disease

As analyzed by small-RNA sequencing, the miR-29 fam-
ily members miR-29a-3p (fc=0.29, P<0.0001), miR-29b-1-
5p (fc=0.47, P=0.001), and miR-29¢-3p (fc=0.29, P<0.0001)
showed a homogenous downregulation in T-PLL over
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Figure 4. Increased expression of miR-200c and miR-141 clusters is associated with deregulation of cell cycle regulators reflected in more activated phenotypes
and more aggressive disease course. (A) Differential expression of miR-141 and miR-200 family members as analyzed by small-RNA sequencing showed significant
upregulation of miR-141-3p (fold change [fc]=43.2; P<0.0001), miR-141-5p (fc=29.0; P=0.0001), miR-200c-3p (fc=38.2; P<0.0001) and miR-200c¢c-5p (fc=56.6;
P=0.003, n=46 T-cell prolymphocytic leukemia [T-PLL], n=6 controls). (B) Exemplary gene set enrichment analysis (GSEA) plots of miR-200/-miR-141 correlated
MRNA: E2F TARGETS: NES=3.64, q<0.0001, G2M CHECKPOINT: NES=3.05, <0.0001 (both based on miR-141-3p correlated mRNA). (C) Predicted targets (by seed
sequences, see Methods section for details) correlating negatively with miR-141/-miR-200 expression in all analyzed cases and controls showed regulatory networks
involved in DNA damage response and prosurvival signaling. Font color represents differential expression of mMRNA comparing T-PLL cells (=48 cases) and healthy
donor-derived CD3"* pan-T cells (n=6 donors; for description of global mMRNA sequencing results refer to Online Supplementary Figure S5 and Online Supplementary
Table S5, blue= lower expression; red= higher expression). Color of highlighting boxes represents assignment of genes to functional groups of DNA damage response
pathways (black) and prosurvival signaling (grey). (D) Groups of low and high miR-141/-200 expression were assigned by results of small-RNA sequencing: after divi-
sion into three tertiles, cases of the lower were compared to those of the upper tertile. Cases were evaluated for CD40L surface expression using flow cytometry. T-
PLL with higher miR-141-5p, miR-200c-3p, and miR-200c-5p expression presented with a more activated T-cell phenotype (median CD40L expression: 16.5% vs.
0.05%, P=0.03; 16.5% vs. 0.05%, P=0.03, 20.0% vs. 0.0%, P=0.009; MWW). (E) Higher serum LDH levels (see Online Supplementary Table S9 for a summary of clin-
ical data) were associated with high expression of miR-141-3p and miR-200c¢-3p (median 898 U/L vs. 509 U/L; P=0.03; median 917 G/L vs. 509 G/L; P=0.02; MWW).
Groups were divided into three tertiles and the lower was compared against the upper tertile.
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healthy donor T cells (Online Supplementary Figure S10A).
GSEA of associated mRNA showed an enrichment of genes
of the HALLMARK E2F TARGET (NES=-3.52, q<0.0001)
and of the TNFA SIGNALING VIA NFKB gene sets (NES=-
2.08, q=0.01, both miR-29a-3p-correlated mRNA) in low
miR-29 expressing T-PLL (Online Supplementary Figure
S10B). Furthermore, we identified 79 putative-target
mRNA of the miR-29a-3p / miR-29b-1-5p / miR-29¢-3p
cluster in T-PLL by the above described strategy (Online
Supplementary Figure S10C). Indicating an association of
reduced miR-29 species with aberrant survival signaling,
surface TCR activation markers were elevated in T-PLL
with low miR-29a-38p (Online Supplementary Figure S10D),
namely CD38 (mean expression 43.1% vs. 12.9%, P=0.02,
MWW) and CD69 (mean 27.9% wvs. 0.89%, P=0.02,
MWW). A more active disease state as indicated by lower
platelet counts (mean 110 G/L vs. 186 G/L, P=0.15, MWW)
and higher LDH serum levels (mean 1,850 U/L vs. 708 U/],
P=0.06, MWW) at sampling was linked to low miR-29b-1-
Sp expression (Online Supplementary Figure S10E and F).
Lower miR-29¢ expression tended to be associated with a
higher incidence of effusions (six of 12 over one of ten with
high miR-29¢-3p-expression; P=0.07, Fisher’s exact test,
Online Supplementary Figure S11A). In addition, genomic
ATM deletions were more frequent in cases with low miR-
29b-1-5p expression (nine of 11 vs. one of 11 with high
miR-29b-1-5p; P=0.002, Fisher's exact test, Omnline
Supplementary Figure S11B, Online Supplementary Table S11
with summary of clinical data).

A combinatorial miR-based overall survival score
for T-cell prolymphocytic leukemia

Based on the observed correlation of miR expression with
clinical parameters, we aimed to establish a prognostic score
that stratifies T-PLL patients according to miR expression
levels. In order to identify best candidates in an unbiased
fashion, we first associated miR expression levels with OS
for all miR detected in at least 80% of T-PLL samples (n>36
cases) and compared T-PLL patients with highest expression
levels (upper tertile) to those with lowest expression of the
respective miR (lower tertile; Online Supplementary Table S12
with summary of clinical data). In this analysis, miR-98-3p
(median OS in high vs. low expression: 16.3 months vs. 29.4
months, P=0.0008, log-rank, Figure 5A), miR-200a-3p (52.7
months vs. 19.1 months, P=0.001, log-rank, Figure 5B), miR-
223-3p (14.9 months vs. 26.0 months, P=0.001, log-rank,
Figure 5C), and miR-424-5p (14.4 months vs. 26.0 months,
P=0.0007, log-rank, Figure 5D) were most significantly cor-
related with OS. We subjected a training model composed
of these four miR (miR-98-3p, miR-200a-3p, miR-223-3p,
miR-424-5p) and of selected factors that had shown to be of
prognostic relevance in T-PLL (e.g., WBC counts, TCL1A
mRNA level)""® to parameter shaving by recursive parti-
tioning. This algorithm identified optimum individual
thresholds stratifying OS in the randomly created 22-case
training set. Using these cutoffs, three miR (200a-3p, miR-
223-3p, miR-424-5p) and TCL1A expression remained as
most significant discriminators for OS. Multiple combinato-
rial scores of these four parameters were built and for these
scores optimum thresholds for discrimination of OS were
calculated (recursive partitioning, see Methods). Best sepa-
ration was obtained using a miR-exclusive 3-tier score: miR-
200a-3p fc<2.21, miR-223-3p fc=9.8, miR-424-5p fc=0.91;
relative to healthy donor T cells) with a cutoff of =2 sum
points (Table 2). Finally, we verified the miROS-T-PLL score

in the 22-case validation set (P=0.0004, log-rank) and in the
total cohort of 44 T-PLL (median OS high vs. low miROS-T-
PLL: 14.4 months vs. 29.4 months, P<0.0001, log-rank,
Figure SE).

In order to identify variables underlying (as potential con-
founders) the miR-based prognostic separation, we associ-
ated the expression of miR, which we used for the score, as
well as the miROS-T-PLL score itself, with genomic, mRNA
expression, immunophenotypic, and clinical data (Online
Supplementary Tables S13 and S14). We did not detect signif-
icant differences in the distribution of these parameters
between the groups determined by expression of the three
miR or by the miROS-T-PLL score, further validating the
newly established score.

Discussion

Here, we report a pilot analysis of cellular miR expression
in a cohort of 46 T-PLL patients. We identified 34 miR to be
significantly deregulated in comparison to PB-derived T
cells from age-matched healthy donors. These miR includ-
ed those which had already been reported as altered in T-
cell acute lymphoblastic leukemia (T-ALL, e.g., miR-223-
3p)* and in CTCL (e.g., miR-29 and miR-200).”” They also
contained miR that had not been described in the neoplastic
context (e.g., miR-10395-5p). The global profiles of deregu-
lated miR in T-PLL showed a rather uniform pattern across
the analyzed cases. Together with the integrated informa-
tion from transcriptome sequencing, this set of data allows
for the first time insights into miR-based regulatory net-
works in T-PLL.

It is important to mention, that four of the 34 differential-
ly expressed miR presented with low CPM values (<1),
either being unspecific background in the sequencing tech-
nology or representing biological relevant miR expressed at
low levels. In addition, for two of the small-RNA identified
to be differentially expressed in T-PLL (miR-6724-5p, miR-
5699-3p), miR-base® assigned questionable confidence in
their annotation, although their expression was previously
reported in other entities (e.g., bladder cancer).”

In line with T-PLLs phenotype of augmented TCR activa-
tion,"*" our comparative profiling revealed a resemblance of
T-PLL’s miR-ome to the one of TCR-activated healthy
donor-derived T cells. A specific remodeling of the miR
repertoire upon TCR activation had been shown,® howev-
er, analysis of full spectrum miR expression by small RNA
sequencing upon TCR activation in healthy donor-derived
pan-T cells had not been reported before. We identified
here previously unknown miR (e.g., upregulation of miR-
18a-5p) to be altered upon TCR activation in addition to
those that had been described (miR-17-5p or miR-150-
5p).*¥ We conclude that constitutive TCR activation
shapes the characteristic miR-ome of T-PLL cells.

As hallmarks of T-PLLs miR-ome, we identified miR-223-
3p, miR-21, the miR-29 family, and the miR-200c/-141 clus-
ter as significantly deregulated. These miR have previously
emerged as either onco miR or tumor-suppressive miR in
other T- or B-cell malignancies.®"* We further identified
putative target signatures, potentially mediating the postu-
lated effects of prosurvival signaling and aberrant DNA
damage responses (e.g., downregulation of FOXO1 upon
miR-223 upregulation). Limiting, the postulated target
genes are, although predicted through multiple robust algo-
rithms, based on associations without proven biological
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effects, which has to be addressed in future experiments. ciation of low miR-21 expression with more aggressive dis-
Deregulation of these hallmark miR in T-PLL was further ease presentations. We identified SKP2 and MAP3K1 as
associated with either a pronounced cellular activation phe-  predicted targets of miR-21 in T-PLL, potentially mediating
notype or more aggressive clinical presentations. these features. Notably, we did not find significant negative

MiR-21 stood out as one of the most abundant miR in T-  correlations of miR-21 with those mRNA that were previ-
PLL. In contrast to the current concept of miR-21 being an  ously described to mediate the effect of this miR as a potent
onco miR,* we detected significantly downregulated miR-  suppressor of cell cycle inhibition and apoptosis.* This indi-
21 levels in T-PLL samples as compared to healthy donor T cates a T-cell specific and context-dependent function of
cells. Our integrative correlations further revealed an asso- miR-21.
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Figure 5. miR-based overall survival score for T-cell prolymphocytic leukemia (miROS-T-PLL) stratifies patients based on miR-200a-3p, miR-223-3p, and miR-424-
5p expression. (A to D) Associations of microRNA (miR) expression with overall survival (OS) from diagnosis (see Online Supplementary Table S12 for the compre-
hensive dataset). (A) miR-98-3p (median OS high vs. low expression: 16.3 months vs. 29.4 months, P=0.0008, log-rank test); (B) miR-200a-3p (median OS high vs.
low expression: 52.7 months vs. 19.1 months, P=0.001, log-rank test); (C) miR-223-3p (median OS high vs. low expression: 14.9 months vs. 26.0 months, P=0.001,
log-rank test), and (D) miR-424-5p (median OS high vs. low expression: 14.4 months vs. 26 months, P=0.0007, log-rank test) were most significantly associated with
0S, when comparing the tertile of T-PLL patients with the highest expression to the tertile with the lowest expression of the respective miR. (E) Analysis via training
(n=22) and validation data sets (n=22): optimum thresholds were calculated by recursive partitioning for all possible combinations of miR-200a-3p, miR-223-3p,
and miR-424-5p expression levels, adding one point to the total score if the respective expression cutoff was passed. Best results were obtained using the following
thresholds: miR-200a-3b: fold change (fc)<2.21, miR-223-3p: fc 9.8, miR-424-5p: fc>0.91 (fc relative to CD3* pan-T cells derived from healthy donors) and a cutoff
of 22 points. A significant OS association was observed in the validation set (P=0.0004, log-rank test) as well as (E) in the total cohort of 44 T-PLL patients (median
0S high vs. low expression: 14.4 months vs. 29.4 months, P<0.0001, log-rank test).
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* Our computational analyses of mRNA targeted by dereg-

ulated miR in T-PLL suggest a strong impact of altered miR
clusters on activation, death resistance, and aberrant DNA
damage responses. Abnormal activity of these pathways,
triggered by TCL1A overexpression and damaging ATM
aberrations, has emerged as a hallmark of T-PLL

Table 2. Prognostic score (miROS-T-PLL) including miR-200a-3p, miR-
223-3p, and miR-424-5p expression levels.

miR-200a-3p expression’

(FC, rel. to healthy CD3+ pan-T cells) =221 <221
miR-223-3p expression'

(FC, rel. to healthy CD3+ pan-T cells) <9.80 =980
miR-424-5p expression'

(FC, rel. to healthy CD3+ pan-T cells) <0.91 =091
Lower Risk 0-1 points

Higher Risk 2-3 points

‘evaluated by small-RNA sequencing and compared to the mean expression of CD3+
pan-T cells of six healthy donors: FC: fold change; miR: microRNA; T-PLL: T-cell prolym-
phocytic leukemia; miROS-T-PLL: miR-based overall survival score for T-PLL.

Sustained survival: ;-
signaling  gemm \

i

log, (FC)

color spectrum
of mRNA names !v—!

14 0 14

miR21

" miR-29a-3p/29¢-3p

pathobiology.""" We propose that protumorigenic miR net-
works in their function as posttranscriptional regulators
may further enhance the effects of these key genomic
lesions, contributing substantially to the pathogenesis of T-
PLL. Similar cooperative miR-mRNA networks were postu-
lated for T-ALL and CLL** The causes of the miR deregu-
lations we observed here, remain unknown and are, besides
TCR activation, likely multifactorial. As T-PLL is character-
ized by a strong genomic instability and high burdens of
reactive oxygen species,"* mutations or copy number alter-
ations of miR-encoding genes provide possible explana-
tions, in addition to epigenetic mechanisms. Notably, inci-
dences of genomic losses of the downregulated miR-140-
3p, miR-196b-5p, miR-339-3p, and miR-589-5p were in the
order of 4-9% of T-PLL cases in our cohort.

In summary, we identified a T-PLL-specific miR-ome,
with 34 differentially deregulated miR, that appears
instructed by TCR activation. By integrating altered miR
expression with the information derived from transcrip-
tome analyses, we postulate that the miR-ome of T-PLL
shapes (dys)regulated networks towards apoptotic resist-
ance, cell cycle abrogation, and defective DNA damage
repair (Figure 6). Highlighting the pathobiological impact of
the discovered miR deregulations, we developed the first

Impaired DNA
damage response

log,(FC)

color spectrum .
of miRNAnames © 7 = 1 |
8 o0 8

were found within the network of the identified miR-associated mRNA.

Figure 6. Graphical summary of postulated microRNA/mRNA-based deregulated networks in T-cell prolymphocytic leukemia. T-cell activity shaped microRNA
expression signatures (miR-omes)/ transcriptome networks are displayed as identified by our combinatorial approach of small-RNA and transcriptome sequencing
analyses in 41 clinically well characterized T-cell prolymphocytic leukemia (T-PLL) cases. MiR differentially expressed in T-PLL and mRNA associated with these miR
(P<0.05) are presented. The background color of miR and mRNA (dots) indicates the fold changes of differential expression as compared to age-matched healthy
donor-derived CD3* pan-T cells (blue=downregulation, red=upregulation). MiR-223-3p, the miR-21 family, the miR-29 family, and the miR-200c/141 family emerged
as hallmarks of the T-PLL miR-ome, as they were (i) significantly deregulated among T-PLL cases, (ii) presented putative targets involved in oncogenic pathways of T-
PLL's pathobiology, (iii) showed associations with prognostic parameters, and (iv) were already described in the leukemogenesis of other B- and T-cell malignancies.
Deregulations of these four miR-families were associated with cooperative effects on DNA damage response pathways as well as on pro-proliferative and cell survival
signaling (as revealed by gene set enrichment analysis based on correlated mRNA). Genes previously described as hallmarks of T-PLL (e.g., TCL1A, CTLA4, and MYC)
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clinical survival score that predicts T-PLL patients’ out-
comes, based on expression levels of miR-200a-3p, miR-

223-3p, and miR-424-5p.

Clinical management of T-PLL remains challenging and
current studies mainly focus on the development of target-
ed treatments directed against anti-apoptotic factors like
BLC2¥ or sustained prosurvival signaling mediated via
JAK/STAT pathways.®* Our study suggests that develop-
ing a miR-directed targeting strategy could allow tackling a
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combination of those pathways and might therefore be a

promising approach to successfully eradicate T-PLL cells.
However, these concepts have to be tested in subsequent
preclincal studies. Furthermore, the presented miROS-T-
PLL survival score might help in better discriminating rather
indolent versus aggressive T-PLL disease phases at the time
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