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Introduction
T-cell prolymphocytic leukemia (T-PLL) is a rare 
aggressive T-cell neoplasia characterized by com-
plex cytogenetic aberrations involving dysregula-
tion of TCL1A/MTCP1, inactivation of ATM on 
chromosome 11q22.3, activating mutations affect-
ing the JAK-STAT pathway (JAK3, STAT5B and 
PTPRC), and chromosomal gains at the MYC 
locus on 8q24.21.1–5 As the leukemic cells are 
largely resistant to conventional chemotherapy, 
intravenous treatment with the anti-CD52 mono-
clonal antibody alemtuzumab is currently consid-
ered the standard of care, yielding an overall 
response rate of 80–90% but an overall survival 
below 2 years.6,7 Allogeneic stem cell transplanta-
tion may be used to consolidate alemtuzumab-
induced remissions, however, this option is 
available to only a minority of mostly elderly 
patients and those who are burdened with a high 
treatment related morbidity and mortality.8

Therefore, novel targeted therapeutic options 
that are capable of overcoming treatment resist-
ance are urgently needed. In recently published 
drug screening efforts by our group9 and others10 
targeting the transcriptomic machinery through 
inhibition of CDK9 emerged as a potentially 
promising novel therapeutic option. In these 
studies, suspension cultures of primary T-PLL 
cells were used to investigate the anti-leukemic 
effects of different CDK inhibitors including 
SNS-032, dinaciclib and alvocidib (flavopiri-
dol). While all of these compounds exhibit anti-
leukemic activity, their clinical use is limited by 
low target specificity and toxic side effects.11,12 
To further increase CDK9 inhibitor specificity 
and to enable oral administration we recently 
developed the novel CDK9 inhibitor LDC526,12 
starting from LDC06713 and characterized its 
therapeutic effects in different mouse models of 
chronic lymphocytic leukemia.12,14 In contrast 
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to other tested CDK inhibitors, LDC526 shows 
high selectivity for its molecular target CDK9 as 
tested by cell culture experiments and in vitro 
selectivity kinase profiling.14 A further medici-
nal chemistry-based optimization of LDC526 
resulted in atuveciclib,12 which is currently 
being studied in phase I trials in patients with 
acute leukemia and solid tumors/lymphomas 
[ClinicalTrials.gov identifiers: NCT02345382 
and NCT01938638]. Following up on this 
work, we investigated the potential clinical value 
of LDC526 and atuveciclib in a preclinical 
model of T-PLL.

Materials and methods

Patients and samples
Patient samples were obtained from archived cry-
opreserved material from our institution. Patients 
were diagnosed in accordance with the WHO 
2008 classification.5 The study was approved by 
ethical review committee of the University of 
Duisburg-Essen (14-6080-BO). All patients pro-
vided written informed consents according to the 
declaration of Helsinki.

The detection of an inv(14)/t(14;14) or t(X;14) 
by cytogenetic analysis and/or detection of TCL1 
or MTCP1 breakpoints by fluorescence in situ 
hybridization (FISH) was required for inclusion 
into the study. Clinical data of 16 study patients 
are summarized in Table 1.

Standard clinical criteria were applied for initiation 
of therapy. The patient cohort represents a sub-
group of a previously published molecular profiling 
study investigating the mutational landscape in 
T-PLL, where the technical details of the molecular 
characterization of the samples are described.15 
Overall, T-PLL peripheral blood samples enriched 
for CD3 positivity by magnetic cell separation 
(MACS, Miltenyi Biotech, Bergisch Gladbach, 
Germany) were characterized by RNA sequencing, 
targeted capture sequencing, and whole exome 
sequencing for somatic mutations, and by single 
nucleotide polymorphism arrays for detection of 
genomic imbalances in candidate regions. Data are 
available under gene expression omnibus (GEO) 
accession number GSE100882. The assignment of 
samples and experiments is given together with 
information on the karyotype of the T-PLL cases in 
Supplemental Table S1.

Tumor cell enrichment
We performed density gradient centrifugation of 
heparinized peripheral blood samples (Pancoll 
human, PAN-biotech, Aidenbach, Germany). 
Tumor cells were enriched from peripheral blood 
mononuclear cells by magnetic cell separation 
with an anti-CD3 antibody (MACS, Miltenyi 
Biotech), if the tumor cell content was <90% as 
detected by flow cytometry.

microRNA profiling
miRNAs were extracted from immunomagneti-
cally purified peripheral blood CD3 positive 
T-cells from five healthy donors (HD) and ten 
patients with T-PLL using the miRNeasy Mini 
kit (Qiagen) according to the manufacturer’s 
instructions. GeneChip miRNA 3.0 arrays 
(Affymetrix, Santa Clara, CA) were used for 
miRNA expression profiling. One μg of total 
RNA including miRNA from each sample was 
labeled with biotin using the FlashTag Biotin 
HSR Kit (Genisphere, Hatfield, PA).

Array hybridization, washing and scanning of the 
arrays were carried out according to the manufac-
turer’s recommendations. The data were extracted 
from the images, background corrected (RMA), 
quantile-normalized, summarized (median pol-
ish), and log2-transformed with Partek Genomic 
Suite (Partek Incorporated, St. Louis, MO, USA). 
Differentially expressed miRNAs were determined 
by Student’s t-test and p-values were corrected for 
multiple testing.

Western blotting
For analysis of MYC (n = 7), MCL1 (n = 7) and 
RNA Pol II (n = 4), proteins were extracted with the 
RIPA lysis buffer system including phenylmethyl-
sulfonyl fluoride, protease inhibitor cocktail and 
sodium orthovanadate (Santa Cruz Biotechnology, 
Dallas, TX, USA). Protein concentrations were 
measured using Pierce bicinchoninic acid (BCA) 
protein assay (Thermo Scientific, Waltham, MA, 
USA). Equal amounts of protein lysates were 
separated by SDS-PAGE (Mini-Protean TGX gels, 
gradient 8–16%, Bio Rad Laboratories, Hercules, 
CA, USA) and transferred to a nitrocellulose 
membrane.

The following primary antibodies were used: rab-
bit monoclonal anti-cMYC (Y69, dilution 1:4000; 
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ab32072, Abcam, Cambridge, UK), rabbit poly-
clonal anti-MCL-1 (S19, dilution 1:4000; sc-819, 
SantaCruz Biotechnology, Dallas, TX, USA), 
RNAPol II C-terminal domain (CTD) rat mono-
clonal anti-Ser2-P (3E10), rat monoclonal anti-
Ser5-P (3E8) and rat monoclonal anti-Ser7-P 
(4E12, dilution 1:20 each, ChromoTek, 
Martinsried, Germany) and mouse monoclonal 
anti-β-actin-HRP (AC-15, dilution 1:500000; 
A3854, Sigma-Aldrich, St. Louis, MO, USA). As 
secondary antibodies the anti-rabbit-IgG-donkey-
HRP (711-036-152, Jackson ImmunoResearch, 
Cambridgeshire, UK) and the anti-rat-IgG-goat-
HRP (sc-2006. Santa Cruz Biotechnology) were 
used.

Quantitative reverse transcription PCR
RNA was transcribed into cDNA with the high 
capacity cDNA reverse transcription kit (Applied 
Biosystems, Life Technologies, Thermo-Fisher 
Scientific, Waltham, MA, USA). Each diluted 
reverse transcription reaction (1:20) was com-
bined with TaqMan® Universal polymerase chain 
reaction (PCR) Master Mix, no AmpErase® 
UNG (Thermo Fisher) and TaqMan probes for 
MYC (Hs00153408, Thermo Fisher) and BCL2 
(Hs00608023, Thermo Fisher) and GAPDH 
(Hs02758991, Thermo Fisher). Real-time PCR 
was performed using AriaMX (Agilent genomics, 
Santa Clara, CA, USA).

Drug sensitivity and cell viability assays
Compounds/dimethyl sulfoxide (DMSO) were 
prediluted at different concentrations in 25 μl cell 
culture medium in white 384 well-plates (Greiner 
Bio-One, Frickenhausen, Germany) on day 1.  
After incubation for 3 h at 37°C/5% CO2, 10 μl of 
cell suspension was added at cell numbers that 
assured assay linearity and optimal signal intensity. 
Cells were further incubated in humidified cham-
bers for 48 h at 37°C and 5% CO2. Cells treated 
with the compound vehicle DMSO were used as 
positive controls and cells treated with 10 μM 
Staurosporine served as negative controls. At day 3, 
the CellTiter Glo reagent was prepared according 
to the instructions of the kit (Promega): Reagent 
was mixed 1:1 with cell culture medium. Thereon, 
mixture and assay plates were equilibrated at room 
temperature for 20 min. Equal volumes of the rea-
gent medium mixture was added to the volume of 
culture medium present in each well. The plates 
were mixed at ~300 rpm for 2 min on an orbital 

shaker. The microplates were then incubated at 
room temperature for 10 min for stabilization of the 
luminescent signal. Following incubation, the lumi-
nescence was recorded on a Victor microplate 
reader (Perkin Elmer, Waltham, MA, USA) using a 
200 ms integration time. The data were then ana-
lyzed with Excel using the XLFIT Plugin (dose 
response Fit 205) for IC50-determination. As qual-
ity control the Z'-factor was calculated from 16 posi-
tive and negative control values. Only assay results 
showing a Z'-factor ⩾ 0.5 were used for further 
analysis.

In combinatorial experiments, atuveciclib and 
venetoclax were administered simultaneously in 
constant ratios and variable ratios and the effect 
on cell viability was determined as before. In 
addition, viable cells in all controls and treated 
cells were also determined by trypan blue dye 
exclusion. The best atuveciclib combinatorial 
ratio for the maximum killing effect was deter-
mined by a response-surface analysis matrix of 
the combination of 12 doses of each drug in the 
combination. Dose reduction index was deter-
mined using the Combenefit software.

Microarray-based gene expression profiling
Gene expression profiling (GEP) was performed 
using high-density oligonucleotide arrays (Clariom 
S, Affymetrix, Santa Clara, CA, USA). Total RNA 
was isolated from three different T-PLL samples 
cultured in serum containing medium (RPMI 
1640, 10% fetal calf serum) for 90 min in the pres-
ence (10 µM) or absence (DMSO control) of 
LDC526 using the RNeasy mini purification kit 
(Qiagen, Hilden, Germany). Sample amplification 
and labeling with the Clariom S pico kit, hybridiza-
tion, scanning, raw data extraction, and robust 
multi-array analysis of background-adjusted, nor-
malized, and log-transformed probe-set values 
were conducted. Threshold settings for signifi-
cantly regulated genes were ⩾2-fold difference 
from DMSO-treated control cells, with p < 0.05.

The datasets generated during the current study 
are available in the GEO repository, GSE155746 
for miRNA data; GSE155747 for mRNA data. 

Statistical and bioinformatics analysis
Gene ontology enrichment analysis.  Gene ontol-
ogy enrichment analysis was performed on the 
differentially expressed genes as indicated in the 
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figure legends with the default Homo sapiens refer-
ence list using a Fisher’s exact test corrected by 
false discovery rate.

Hierarchical clustering of miRNA expression 
data.  The 3% most variable miRNAs were 
defined from miRNAs with an expression median 
>6 over all samples and a coefficient of variation 
(CV = MAD/median, with MAD being median 
absolute deviation) larger than its median. Hier-
archical clustering was performed using the com-
plete agglomeration method and computing the 
Euclidian distance.

Ingenuity pathway analysis.  A core analysis with 
default settings was conducted on the differen-
tially expressed genes (fold change, FC ⩾ 2 or 
FC ⩽ –2, corrected p < 0.05) between T-PLL and 
HD determined by RNA-seq. The microRNA 
target filter was used to find potential targets of 
the n = 17 significantly differentially expressed 
miRNAs between T-PLL and HD.

Gene set enrichment analysis
Gene set enrichment analysis (GSEA) was per-
formed with the GSEA2-2.2.4 software using 
default settings and gene set permutation.16 Further 
analysis beyond GEP included a GeneTrail 
analysis.17

Results

Characterization of T-PLL cases
Figure 1A shows a selection of recurrent cytoge-
netic aberrations in n = 16 T-PLL combined with 
clinical characteristics. The T-PLL cases exhibited 
the typical molecular hallmarks of the disease 

including dysregulation of TCL1A/MTCP1, inac-
tivation of ATM on chromosome 11q22.3, activat-
ing mutations affecting the JAK-STAT pathway 
(JAK3, STAT5B and PTPRC) and chromosomal 
gains at the MYC locus on 8q24. Activation of 
MYC was confirmed at the protein level by western 
blot analysis in a subset of patients (Figure 1B).

Transcriptomic profiling
RNA sequencing expression data from purified 
tumor cells of ten T-PLL patients were compared 
with CD3+ cells from 5 healthy blood donors 
yielding a panel of 674 differentially expressed 
genes (FC ⩾ 2 or FC ⩽ –2, corrected p ⩽ 0.05), 
the majority of which (603/674; 90.1%) were 
found to be down-regulated in the T-PLL cells 
(Supplemental Table S2).

The panel of differentially expressed genes 
(Supplemental Table S2) was functionally ana-
lyzed for enrichment in the gene ontology catego-
ries biological process and molecular function 
(geneontology.org) revealing significant enrich-
ment of T-cell activation, immune response, and 
chemokine-mediated signaling associated genes 
(Figure 2A, B). Deregulated molecular pathways 
identified by ingenuity pathway analysis (IPA) are 
shown in Supplemental Figure S1 and included 
STAT3, PTEN, TCR activation, WNT, and 4-1BB 
signaling. In all, the genomic and transcriptomic 
features of our T-PLL cohort were consistent with 
recently published data.2–4,10 At the gene-specific 
level, overexpression of TCL1A, RAB25, CD83, 
and TNF, as well as down-modulation of CTLA4, 
CXCR5, CCL5, and IRF1 in the T-PLL samples, 
as compared with healthy donor derived T-cells 
confirmed our own previous results and that of 
others (Figure 2C, D).2–4 

Figure 1.  Characterization of T-PLL samples. (A) genetic and clinical characteristics of 15 T-PLL samples subjected to molecular 
profiling. Color code: green – wildtype, red – mutated, orange – gain, blank – not determined. (B) Western blot analysis of MYC 
protein expression as compared with HD CD3+ T-cells. Blots were probed with antibodies MYC and Actin B used as a loading control.
ACTB, actin B; f, female; HD, healthy donor; M, mutated; m, male; n.a., not assessed; n.d., not determined; WT, wild type.
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In another set of experiments, we compared the 
microRNA expression profiles of peripheral 
blood T-cells collected from 5 HD with 10 indi-
vidual T-PLL samples employing the Affymetrix 
GeneChip miRNA 3.0 array platform. First, 
unsupervised hierarchical clustering considering 
the 3% most variable miRNAs across all sam-
ples clearly distinguished T-PLL from healthy 
donor derived T-cell controls (Figure 3A). 
Second, supervised comparison of the two 
groups (two-tailed unpaired Student’s t-test, 
corrected p-value <0.05, FC ⩾ 2 or FC ⩽ –2) 

identified a panel of n = 17 differentially 
expressed miRNAs (Figure 3B). Of note, two of 
the most prominently down-modulated miR-
NAs in the T-PLL cohort included mir-193b 
and mir-140-3p, which have been ascribed 
important functions as tumor suppressors in 
hematologic and solid malignancies.18,19 
Conversely, mir-1246 and mir-3687, which 
were found to be over-expressed in the T-PLL 
samples, have been associated with tumor 
growth and metastasis in non-small cell lung20 
and esophageal cancers,21 respectively.

Figure 2.  Comparative transcriptomic profiling of T-cell prolymphocytic leukemia (T-PLL) and healthy donor (HD) T-cells. RNA 
sequencing expression data from ten T-PLL samples were compared with CD3+ T-cells from five HD yielding a panel of 674 
differentially expressed genes (DEG, FC ⩾ 2 or FC ⩽ –2, p ⩽ 0.05, Supplemental Table S2). (A), (B), Fold enrichment of differential 
expressed genes in gene ontology (GO) categories biological process and molecular function as identified by GO enrichment analysis 
(false discovery rate  < 0.5). For biological process, only the top 25 GO terms are displayed. (C), (D), mRNA expression levels of 
individual DEG, bars indicate the median and lower and upper hinges mark the 25th and 75th percentile. Whiskers range to the 
smallest or highest value, respectively, but not further than 1.5 ×  interquartile range. *p < 0.05 (Student’s t-test, corrected). Note, 
outlier in the TCL1A plot marked by an asterisk represent T-PLL cases 2 and 8 with an t(X;14) resulting in overexpression of MTCP1 
(not shown) but lacking cytogenetic evidence of TCL1A rearrangement.
RPKM, reads per kilobase per million mapped reads.
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Ex vivo drug sensitivity testing validates CDK9 
as a therapeutic target in T-PLL
To evaluate the therapeutic potential of CDK9 
inhibition in native T-PLL cells we compared the 
cytotoxic effects of the specific CDK9 inhibitors 
LDC526 and atuveciclib (BAY 1143572) with 
those of a panel of chemotherapeutic compounds 
commonly used for the treatment of T-PLL 
patients in vivo. To this end, leukemic cells col-
lected from 11 patients were exposed to 9 drugs at 
different concentrations for 48 h and analyzed for 
inhibition of cell viability using a metabolic-based 
assay. Consistent with the clinical situation in 
T-PLL we observed substantial heterogeneity in 
the drug responses between individual patient 
samples (Table 2). As a general phenomenon 
T-PLL cells tended to exhibit high IC50 values 
across most of the compounds indicating chemo-
therapy resistance and thereby mimicking the ther-
apeutic situation in vivo. Interestingly, we observed 
a clear-cut difference in the response to the purine 
nucleoside analogues fludarabine and clofarabine, 
where four patient samples were found to be highly 

sensitive, whereas drug resistance was observed in 
the remaining seven cases (Table 2).

By contrast, targeting the general transcriptional 
machinery through inhibition of CDK9 (LDC526, 
atuveciclib and dinaciclib) proved to be highly 
effective showing consistent and potent anti-leuke-
mic effects in all the patient samples investigated. 
Of note, atuveciclib exerted a 1.9-fold stronger 
anti-leukemic activity as compared with LDC526 
(p = 0.0007, Table 2). To study the effects of 
LDC526 in more detail, leukemic cells from four 
T-PLL patients were exposed to LDC526 at three 
concentrations in suspension cultures. Employing 
flow cytometric Annexin V/ PI assays, we showed 
that LDC526 induced apoptosis in a dose- and 
time-dependent manner (Figure 4).

Effects of LDC526 on CDK9 function in  
T-PLL cells
Next, the effects of CDK9 inhibition by LDC526 
in T-PLL cells were investigated. Based on 

Figure 3.  Comparative miRNA expression profiling of T-PLL and HD T-cells. (A) Unsupervised analysis comparing T-PLL versus 
CD3+ HD derived T-cells. The heat map diagram shows the result of the two-way unsupervised hierarchical clustering of miRNAs 
and samples based on the expression of the 3% most variably expressed miRNAs (n = 101). (B) Supervised analysis identified 17 
differentially expressed miRNAs comparing T-PLL HD derived T-cells (corrected p < 0.05, FC ⩾ 2 or FC ⩽ –2). The color scale 
illustrates the relative expression level of a miRNA across all samples as a z-score: red represents an expression level above the 
mean and blue represents expression lower than the mean.
HD, healthy donors; T-PLL, T-cell prolymphocytic leukemia.
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previous experiments, cells were treated with 
LDC526 over a concentration range of 0.1–100 µM 
for 90 min and subsequently analyzed by western 
blot. LDC526 reduced the phosphorylation of Ser2 

which is an established cellular target of CDK9 
within the RNA polymerase CTD, while Ser5-P 
and Ser7-P exhibited this effect to a lesser extent 
(Figure 4C).

Figure 4.  LDC526 induces apoptosis in T-cell prolymphocytic leukemia (T-PLL) cells. T-PLL cells from three 
individuals were exposed to the indicated concentrations of LDC526 or dimethyl sulfoxide (DMSO) (control) in 
suspension cultures for 24 h and 48 h. Apoptosis was then analyzed by Annexin V and propidium iodide (PI; nuclear) 
staining using flow cytometry. The percentage of cells in each quadrant (Q) is indicated in the dot plot panels. Q3 
defines the fraction of viable Annexin V -/ PI- cells. (A) representative analysis of T-PLL3 after 24 h incubation. (B) 
Summary of three independent experiments showing that LDC526 induces apoptosis in a concentration and time 
dependent manner. Bars represent medians, circles indicate results from individual measurements. (C) T-PLL 
cells were treated with the indicated concentrations of LDC526 for 90 min, and western blotting was performed. 
Blots were probed with antibodies to phospho-RNAPII Ser2 of the C-terminal domain (Ser2), phospho-RNAPII 
(Ser5), and phospho-RNAPII (Ser7). Actin was used as a loading control. One representative example of four 
independent experiments is shown. HD CD3+ T-cells were blotted as an additional control.
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Effects of LDC526 on RNA synthesis in  
T-PLL cells
Following a previously published strategy22 micro-
array-based GEP was performed on RNA isolated 
from leukemia cells treated with LDC526 for 
90 min. Comparing the transcriptomic profiles of 
three individual samples cultured in the presence or 
absence of LDC526 yielded a panel of 403 differen-
tially expressed genes (FC ⩾ 2 or FC ⩽ –2, p < 0.05), 
the majority of which (n = 352; 87.3%) were found 
to be down-regulated in the T-PLL cells 
(Supplemental Table S3). GSEA revealed enrich-
ment of 14 gene sets (p < 0.01, Supplemental Table 
S4) in the DMSO-treated samples including MYC 
targets and IL2-STAT5 signaling (Figure 5A).

Importantly, the JAK-STAT targets PIM1, MYC 
and MCL1 were among the most strongly down-
modulated genes (Figure 5B). LDC526 induced 
suppression of MYC and MCL1 were confirmed 
at the protein level using western blotting (Figure 
5C). Down-regulation of MYC mRNA tran-
scripts was further validated by quantitative 
reverse transcription-PCR (Figure 5D). The 
PIM1 oncogene encodes a short-lived serine/thre-
onine kinase (PIM1), which has been found to 
closely cooperate with MYC in oncogenesis.23 
Recently, high PIM1 expression was demon-
strated to be a pro-survival factor and biomarker 
of JAK-STAT activation in T-cell acute lympho-
blastic leukemia.24

Of note, the mRNA transcripts encoding MYC, 
PIM1, and MCL1 are all relatively short-lived22,25 
which may render them particularly susceptible to 
small-molecule transcription inhibitors. In support 
of this observation, gene ontology analysis indicated 
an enrichment of DNA transcription factors with 
fast-decaying mRNAs in the down-regulated genes 
(Supplemental Figure S2). To further test the 
hypothesis that short-term CDK9 inhibition by 
LDC526 predominantly affects genes with intrinsi-
cally instable mRNA we investigated whether the set 
of genes down-regulated in T-PLL cells was enriched 
for transcripts with high decay rates. To this end we 
utilized publicly available mRNA degradation data, 
which were generated in human cell lines exposed to 
the RNA polymerase inhibitor actinomycin D.25 
Since these experiments were performed in the year 
2003 using Affymetrix U95Av2 arrays, we had to 
restrict our analysis to 5245 manually curated gene 
accessions (4835 genes). Considering these limita-
tions, we compared the mRNA decay rates of 263 

genes significantly down-regulated (p < 0.05, 
FC ⩾ 2) by LDC526 with the remaining genes with 
stable gene expression (Supplemental Table S5). As 
expected, we observed a highly significant difference 
between the two groups, where mRNA transcripts 
down-modulated by LDC526 exhibited ~ 2-fold 
higher decay rates, underpinning the proposed 
working mechanism as an inhibitor of de novo 
mRNA synthesis (Figure 5E).

Of note, LDC526 also induced the up-regulation of 
51 genes including FBXW7 which has been shown 
to be an important tumor suppressor gene in several 
malignancies including T-cell neoplasias.26,27

Synergistic antileukemic activity of atuveciclib 
and venetoclax in primary T-PLL cells
LDC526 potently and rapidly down-regulated 
MCL1 both at the mRNA and protein level, 
whereas BCL2 is characterized by a substantially 
lower mRNA decay rate and therefore remained 
unaffected (Supplemental Figure S3). Therefore, 
it may be tempting to target the apoptotic machin-
ery by dual inhibition of CDK9 and the BCL2 
protein. Here, we combined 12 concentrations of 
atuveciclib and 12 concentrations of venetoclax in 
our T-PLL cell culture model in order to define 
the optimal combined dose regimen for a maxi-
mum leukemic cell killing effect. Employing a 
response-surface analysis matrix we could indeed 
show a higher anti-leukemic effect in the combina-
tion as compared with each drug alone (Figure 6).

Discussion
In the first part of the study we aimed to charac-
terize the pharmacological effects of LDC526 on 
primary leukemic cells isolated from the periph-
eral blood of patients with T-PLL and correlating 
their efficacy with the pattern of common genetic 
aberrations in this disease. As a novel unreported 
aspect, miRNA profiling of T-PLL in comparison 
with healthy donor derived T-cells led to the iden-
tification of 17 differentially expressed miRNAs, of 
which some candidates may play a role in the 
molecular pathogenesis of the disease. For example, 
miR-3687 found to be 56 fold up-regulated in the 
T-PLL samples has been demonstrated to increase 
the migratory and invasive ability of esophageal 
squamous cell carcinoma (ESCC) cells in vitro 
and correlate with the prognosis of patients with 
ESCC.21 Along the same line, mir-1246, which 
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Figure 5.  Microarray-based transcriptomic analysis of T-cell prolymphocytic leukemia (T-PLL) cells treated 
with LDC526. (A) Two examples of gene set enrichment analysis plots with potential functional relevance 
for the pharmacological effects of LDC526 in T-PLL cells. Genes found to be down-regulated in response 
to LDC526 were enriched for MYC targets and the IL6-JAK-STAT3- pathway. (B) Selected differentially 
regulated genes as indicated below the x axis. Bars represent the median; circles indicate results from 
individual patients/controls. (C) Down-regulation of MYC and MCL1 after incubation of T-PLL cells with 
LDC526 was validated at the protein level using western blot in four different patients. Left: MCL1 - patient 
samples comparing LDC526 with dimethyl sulfoxide (DMSO) in a concentration of 10 µM, right: MYC and 
MCL-1 sample T-PLL36 treated with different concentrations of LDC526. (D) Down-regulation of MYC 
mRNA levels after incubation of T-PLL cells with LDC526 is confirmed by quantitative reverse transcription 
polymerase chain reaction. (E) Genes down-regulated by LDC526 exhibit higher RNA decay rates as 
compared with genes with stable transcript levels.
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was also over-expressed in the T-PLL cases, has 
been associated with tumor initiation and progres-
sion in non-small cell lung cancer20 and other 
solid tumors including pancreatic and colorectal 
cancer.28,29 Probably more important, the most 
prominently down-modulated mir-193b in T-PLL 
has been recently characterized as a novel tumor 
suppressor gene in different hematological cancers 
including T-cell acute lymphoblastic leukemia 
(T-ALL)30 and also solid tumors.31  Bhayadia 
et al.18 showed that miR-193b is down-regulated 
in several cytogenetically defined subgroups of 
pediatric acute myeloid leukemia (AML), and low 
expression served as an independent adverse prog-
nostic factor in this patient cohort. Conversely, 
experimental over-expression of miR-193b induced 

apoptosis in AML blasts by targeting the MAPK 
signaling pathway and the downstream cell cycle 
regulator CCND1.18 Based on the above, although 
requiring confirmation in an independent patient 
cohort, our results strongly suggest that these 
deregulated miRNAs could be relevant for the 
molecular pathogenesis of T-PLL. In light of 
recent data from the literature associating expres-
sion of mir-1246 and mir-193b with the clinical 
course of malignancy, it may be also interesting to 
study the potential prognostic value of miRNA 
signatures in larger homogenously treated cohorts 
of patients with T-PLL.

Drug sensitivity testing of the T-PLL samples 
revealed high IC50 values across most of the 

Figure 6.  Synergistic anti-leukemic effects of atuveciclib and venetoclax. (A) Separate and combined 
incubations of atuveciclib and venetoclax in dose-response format; combined incubation exemplified by 
atuveciclib dose-response treatment at 0.3 µM venetoclax concentration; y axis: relative viability (5 of vehicle 
control) of T-cell prolymphocytic leukemia cell sample 25 incubated for 48 h with respective compound 
determined by CellTiterGlo™ detection methods; half-maximal inhibition (IC50) was determined using 
Combenefit software and is depicted below each graph; x axis: respective compound concentration in µM.  
(B) Left: two-dimensional representations upon highest single agent (HSA) analysis using Combenefit software 
(coloration: red/orange pointed antagonism, green additive effects, and blue indicated synergy); right: relative 
viabilities (y axis) after incubation with different concentrations of atuveciclib (x axis; 20 nM to 3 µM) and 
venetoclax (z axis; 2 nM to 1 µM). Similar combinatorial effects were obtained with three different donors. 
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compounds indicating chemotherapy resistance 
and thereby reflecting the clinical situation in the 
patient. Interestingly, we observed a clear-cut dif-
ference in the response to the purine nucleoside 
analogues fludarabine and clofarabine, where one 
third of the patient samples were found to be 
highly sensitive, while drug resistance was noted 
in the remaining cases. Unfortunately, due to the 
low number of samples tested we could not cor-
relate the drug responses with the molecular fea-
tures of the leukemic cells. All CDK9 inhibitors 
elicited a homogenous potent anti-leukemic effect 
in all patient samples investigated providing indi-
rect evidence that their mechanism of action dif-
fers from that of conventional cytotoxic agents.

In order to better understand the effect of CDK9 
inhibition on the transcriptional machinery in 
T-PLL cells we compared the mRNA gene 
expression profiles of leukemic cells cultured for 
90 min in the absence or presence of LDC526. 
Consistent with its proposed mechanism of 
action and data reported by Albert et  al.,22 we 
observed that LDC526 predominantly reduced 
mRNA transcripts characterized by high decay 
rates. This finding supports the concept that 
CDK9 inhibitors function through inhibition of 
de novo RNA synthesis and that their cytotoxic 
effects are mediated by down-modulation of 
genes like MYC or MCL1 that encode mRNAs 
and proteins with short half-lives.22 Indeed, we 
observed efficient down-modulation of MYC 
and MCL1 both at the mRNA and protein level, 
which may at least in part explain the onset of 
apoptosis in the leukemic cells. Furthermore, our 
microarray analysis uncovered additional novel 
CDK9 targets including the oncoprotein PIM1, 
which has been shown to cooperate with MYC in 
oncogenesis and exert pro-survival functions in 
T-cell acute lymphoblastic leukemia.23,24 GSEA 
of genes regulated in response to LDC526 in 
T-PLL cells revealed significant enrichment of 
MYC and JAK-STAT pathway target genes. In 
aggregate these results suggest that using a single 
inhibitor of CDK9 allows us to target multiple 
hubs of leukemia cell signaling including tran-
scription factors simultaneously.

Unexpected from its function as a transcriptional 
inhibitor, our microarray analysis revealed that 
LDC526 induced the upregulation of multiple 
genes. Similar results have been obtained by GEP 
experiments investigating the effects of different 

CDK9 inhibitors in a variety of cellular models.22,32 
The potential underlying mechanism remained 
unknown until recently Zhang et al.33 demonstrated 
that CDK9 contributes to gene silencing through 
binding to and phosphorylating SMARCA4. 
Consequently, CDK9 inhibition was found to de-
repress epigenetically silenced genes including 
tumor suppressor genes. Along the same line, we 
observed that LDC526 up-regulates the expression 
of FBXW7 in T-PLL cells, which functions as a 
critical tumor suppressor through controlling pro-
teasomal degradation of several oncoproteins 
including MYC, MCL-1, and NOTCH in a wide 
range of malignancies.26,27 As LDC526 signifi-
cantly increased FBXW7 transcript levels in T-PLL 
cells compared with DMSO treated controls, it is 
tempting to speculate that this may have contrib-
uted to the down-regulation of MYC and MCL1 
proteins as detected by western blot.

In contrast to MCL1, BCL2 is not affected by 
CDK9 inhibition, which may be explained by a 
higher stability of both the BCL2 transcript and 
protein.25 Given that T-PLL cells are efficiently 
killed by BCL2 inhibitors in vitro and the recent 
success of venetoclax in the treatment of patients 
with B-cells malignancies, we speculated that 
dual inhibition of CDK9 and BCL2 may be a 
promising strategy. Further support for this con-
cept comes from an in vitro study demonstrating 
synergy between CDK7 inhibition by THZ1, 
which reduced STAT gene target gene transcrip-
tion and sensitization to BCL2 inhibitors in T-cell 
leukemia/ lymphoma cell lines.34 The combina-
tion of atuvecliclib and venetoclax was tested in a 
cell culture system exposing primary T-PLL cells 
to each of the two compounds. We found a higher 
anti-leukemic effect in the combination as com-
pared with each drug alone, thereby recapitulat-
ing the results obtained with THZ1 and venetoclax 
in the T-cell leukemia/ lymphoma cell line 
model.34 Preliminary data from a small first-in-
human case series recently provided the first in 
vivo evidence of single-agent-activity and tolera-
bility of venetoclax in patients with relapsed 
T-PLL.35

Conclusions
Results of preliminary data from a first in vivo 
study, which provides evidence for single-agent 
venetoclax, together with our data presented here 
provide a rationale for combining atuveciclib with 
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venetoclax as a novel targeted-agent-based treat-
ment of T-PLL. 
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