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Abstract 

T-cell acute lymphoblastic leukemia (T-ALL) is a disease of the blood affecting T-lymphocytes. 
Although notable improvements have been achieved in T-ALL treatment, half of the adult T-ALL 
patients still experience treatment failure. In order to develop a targeted therapy, we need a better 
understanding of T-ALL pathogenesis. In this study, we used patient-derived cell lines which display 
resistance to glucocorticoids. We observed that different cell lines are dependent on different 
survival signaling pathways. Aberrant activation of AKT, p38, S6K or ERK signaling was not found 
to the same degree in all cell lines studied. To understand the molecular differences in T-ALL cells, 
we compared gene expression and somatic mutations. Gene set enrichment analysis showed 
enrichment of the mTORC1, MAPK or TGF-beta signaling pathways. Loss-of-function mutations in 
the TP53 and FBXW7 genes were identified in all cell lines investigated. Thus, we suggest that 
T-ALL cells from different patients are addicted to different mutations and thereby to different 
signaling pathways. Therefore, understanding the enrichment of molecular pathways for each 
individual patient will provide us with a more precise and specific treatment plan. 
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Introduction 
Acute lymphoblastic leukemia (ALL) is a group 

of diseases affecting the lymphoblastic lineage of 
blood cells. Depending on the lymphoblastic lineage 
affected, ALL can be subdivided into T-cell ALL 
(T-ALL) and B-cell ALL (B-ALL). In the past years, a 
significant progress has been made in the treatment of 
T-ALL which has contributed to improved T-ALL 
patient survival. However, a portion of pediatric 
T-ALL patients still experiences treatment failure and 
in an even high proportion of adult patients [1]. 
Therefore, we need improved therapies for patients 
that are unresponsive to the conventional 
chemotherapy. Furthermore, patients, particularly 
pediatric patients, suffer from long term side effects 
after chemotherapy.  

With genomic profiling and next generation 
sequencing, we know the majority of genetic 

alterations in T-ALL [2]. Mutations in the 
transmembrane receptor NOTCH1 and the E3 
ubiquitin ligase FBXW7 are the most common 
alterations in T-ALL. A constitutively activating 
mutation in NOTCH1 can be found in as high as 50% 
of T-ALL patients [3], while FBXW7 mutations occur 
in around 9-12% of patients [4, 5]. Mutations in 
FBXW7 result in stabilization of NOTCH signaling 
components and thereby activate NOTCH signaling 
by releasing the ubiquitination-mediated balance of 
cell signaling [4]. Mutations in NOTCH1 induce 
ligand-independent proteolytic cleavage of its 
intracellular domain [6]. The intracellular NOTCH1 
domain acts as a transcription factor that induces 
expression of genes regulating cell proliferation and 
differentiation [6, 7].  

The prognostic significance of NOTCH1 and/or 
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FBXW7 mutations is not conclusive. While some 
studies showed that patients carrying NOTCH1 or 
FBXW7 mutations display favorable prognosis, other 
studies claim no correlation or negative correlation 
with survival [8-12]. Therefore, it is likely that 
additional oncogenic mutations carried by the 
patients hold an important role in the disease 
progression, in addition to the NOTCH1/FBXW7 
mutations. Besides NOTCH1 and FBXW7 mutations, 
a mutation in the glucocorticoid receptor (GR) or loss 
of GR expression results in resistance to the most 
commonly used clinical drugs dexamethasone and 
prednisolone [13]. Glucocorticoids bind to the GR and 
induce apoptosis of lymphoid cells. However, the 
exact mechanism by which glucocorticoids induce 
apoptosis, or the mechanism of resistance to 
glucocorticoids in ALL patients remains debated. 
Using a panel of glucocorticoids resistant T-ALL cell 
lines, we here show that different cells harbor 
different mutations and activate different survival 
signaling pathways. 

Materials and Methods 
Reagents and cell lines 

The human MOLT3, RS4;11, CCRF-CEM and 
Jurkat cell lines were obtained from Deutsche 
Sammlung von Mikroorganismen und Zellkulturen 
(DSMZ, Braunschweig, Germany). Cells were 
cultured in RPMI 1640 supplemented with 10% 
heat-inactivated fetal bovine serum (Gibco, Thermo 
Scientific). Anti- AKT- phospho-Thr308, anti-AKT- 
phospho-Ser473 and anti-p70S6K-phospho-Thr389 
were from Abcam. Anti-GR, anti-ERK1/2-phospho- 
Thr202/Tyr204 and anti-beta-Actin antibodies were 
from Santa Cruz Biotechnology. Anti-phospho-p38 
was from BD Biosciences. 

Microarray analysis 
Cells were serum-starved overnight before 

collecting total RNA using RNeasy Mini Kit (Qiagen). 
RNA quality was measured by Bioanalyzer, and 
mRNA expression was measured by the Affymetrix 
GeneChip® Human Gene 2.0 ST Array. Data were 
normalized using Expression Console™ Software. 
Gene set enrichment analysis was done by using 
GSEA software developed by the Broad Institute. 

Mutational data analysis 
Mutational data for CCRF-CEM and Jurkat cell 

lines were obtained from the COSMIC database. 
Mutations described in the Cancer Gene Census were 
used for further analysis. 

Cell viability assay 
PrestoBlue (Thermo Scientific) cell viability assay 

was used to measure the cell viability as described 
previously [14, 15]. Cells were incubated in 96-well 
plates with or without different concentrations of 
inhibitors. After 46 hours of incubation, PrestoBlue 
was added (1:10). A multi-well plate reader was used 
to measure fluorescence.  

Results 
Glucocorticoid-resistant T-ALL cell lines 
display differential activation of PI3K/mTOR 
and MAPK signaling 

To understand the basic mechanism of the poor 
response to glucocorticoids, we used three T-ALL cell 
lines derived from relapsed T-ALL patients. MOLT3 
cells were derived from a 19-year-old man with 
relapsed T-ALL. CCRF-CEM cells were obtained from 
a 3-year-old girl and Jurkat cells were from a 
14-year-old boy who had experienced relapsed 
T-ALL. We observed that all the cell lines displayed 
resistance to the glucocorticoids dexamethasone (Fig. 
1A) and prednisolone (Fig. 1B). These three cell lines 
also had a lower level of GR expression (Fig. 1C). 
However, activation of survival signaling pathways, 
such as the PI3K/mTOR and MAPK signaling 
pathways were different. MOLT3 cells displayed 
weaker phosphorylation of AKT-T308, AKT-S473, 
ERK1/2 and p38 (Fig. 1D, first panel), while 
CCRF-CEM cells achieved a decent level of 
AKT-T308, AKT-S473, and p38 phosphorylation but 
no ERK1/2 phosphorylation (Fig. 1D, 3rd panel). On 
the other hand, Jurkat cells showed a similar level of 
AKT-T308, AKT-S473 and p38 phosphorylation to 
that of CCRF-CEM but displayed strong ERK1/2 
phosphorylation (Fig. 1D, 2nd panel). S6K 
phosphorylation was almost equal in all the three cell 
lines (Fig. 1D). Therefore, we suggest that MOLT3, 
Jurkat and CCRF-CEM cells have different driving 
forces for survival. 

CCRF-CEM and Jurkat cells display differences 
in pathway enrichment 

Since we observed differences in signaling 
events in the different cell lines, we wanted to 
understand the underlying mechanisms. We analyzed 
mRNA expression of MOLT3, CCRF-CEM and Jurkat 
cells using microarrays. Since MOLT3 cells displayed 
basal levels of AKT and ERK phosphorylation, we 
used gene expression of MOLT3 cells as a control to 
compare upregulated gene signature of CCRF-CEM 
and Jurkat cells. Gene set enrichment analysis 
identified mTORC1 pathway enrichment in 
CCRF-CEM cells (Fig. 2A, S1A and table S1-S2), while, 
Jurkat cells displayed enrichment of the TGF-beta, 
MEK, RAF and KRAS pathways in addition to the 
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mTORC1 signaling pathway (Fig. 2B-F, S1B-D and 
table S3-S4).  

CCRF-CEM and Jurkat cells display distinct 
mutational patterns 

CCRF-CEM cells harbor a total of 2555 mutations 
in 1664 genes, while Jurkat cells have 8937 mutations 
in 4678 genes (Fig. 3A). Around 699 and 2540 
mutations were found to be synonymous in 
CCRF-CEM and Jurkat cell lines respectively. We 
looked at genes described in the Cancer Gene Census 
of the COSMIC database and found 136 mutated 
genes in Jurkat cells and 50 mutated genes in 
CCRF-CEM. Nineteen mutated genes were common 
for both the cell lines which included mutations in 
receptors and genes encoding downstream signaling 
components (Fig. 3B). However, the role of all those 
mutations in cancer has not been defined. For 
example, the EGFR mutations observed in 
CCFR-CEM (A1118T) and Jurkat (R451C) cells are not 
known to be oncogenic. The role of FLT3 V643I 
(Jurkat) and A627T (CCRF-CEM) mutations is also 
unknown. Therefore, activation of the PI3K/mTOR 
and/or MAPK pathways that we observed are 
probably cell line specific and mediated through 
specific mutations in genes encoding other proteins. 

Although CCRF-CEM cells carry a KRAS-G12D 
mutation, it displays lower levels of ERK signaling. It 
has been shown that a single copy of KRAS mutation 
poorly activates ERK signaling [16]. The I323V 
mutation in ACVR1/ALK2 found in Jurkat cells 
(CCRF-CEM has a frame-shift mutation in the same 
gene) has not been previously studied. Since the I323V 
mutation occurs in the kinase domain and similar 
mutation, I328V, has a role in another disease, it can 
be speculated that ALK2 may contribute to ERK 
activation, that we also see in GSEA (Fig. 2D). Cell line 
specific mutations might play important roles in ERK 
activation. The A728V mutation in the BRAF gene 
strongly activates ERK1/2 [17] and is only observed 
in Jurkat cells. Jurkat cells also display KRAS (Fig. 
2C), MEK (Fig. 2E) and RAF (Fig. 2F) pathway 
enrichment. The involvement of many other 
mutations in upstream kinases has not been studied. 
However, they might contribute to ERK1/2 
phosphorylation. Another interesting mutated gene is 
FBXW7/CDC4 which encodes a ubiquitin ligase. 
CCRF-CEM cells carry an R465C mutation while 
Jurkat cells harbor the R505C mutation. The R465C 
mutation in FBXW7 plays an important role in ALL 
progression when combined with NOTCH1 mutation 

 
Figure 1. Glucocorticoid-resistant T-ALL cell lines display upregulation of different survival signaling pathways: (A-B) CCRF-CEM, Jurkat and 
MOLT3 cells were treated with different concentrations of dexamethasone (A) or prednisolone (B). Two days after the treatment, cell viability was measured by 
PrestoBlue cell viability assay. RS4-11 cells were used as a control. (C) Total cell lysates from Jurkat, MOLT3, RS4-11 and CCRF-CEM cell lines were used for 
western blot analysis to detect GR. (D) Cell lysates from different cell lines were used for western blot analysis using different phospho-specific antibodies. 
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[18]. The R505C mutation in FBXW7 impairs 
NOTCH1 binding [4, 19]. The TP53 mutations, R248Q 
and R175H found in CCRF-CEM cells, are 
loss-of-function mutations [20]. The TP53-R248Q 
displays increased AKT signaling in a mouse model 
[21]. Jurkat cells carry the R196* mutation in TP53 that 
might also be a loss-of-function mutation but has not 
previously been studied. 

Discussion 
Due to the genetic and epigenetic heterogeneity, 

a portion of T-ALL patients display resistance to the 
conventional treatment of cancer and therefore 
relapse. Mutation in GR or loss of GR expression is 
one major cause of resistance to glucocorticoids. 
However, other oncogenic mutations also play 
important roles in disease progression. The major 
T-ALL specific mutations include activating mutation 
in NOTCH1, loss of CDK inhibitory proteins and 
PTEN function, loss-of-function mutations in FBXW7, 
activating mutations in kinases and overexpression of 
cyclins [22]. Herein, using different patient-derived 
cell lines from relapsed T-ALL patients, we show that 
T-ALL cells differ in survival signaling due to the 
difference in mutations as well as gene expression. 

T-ALL cell lines derived from relapsed patients 
display resistance to glucocorticoids probably due to 
the lower expression of GR. Jurkat cells also carry a 
heterozygous mutation in NR3C1 gene (R478H 
mutation) that encodes the GR protein [13]. Besides, 
the loss-of GR expression, these cells differentially 
activate survival pathways. CCRF-CEM and Jurkat 
cells aberrantly activate PI3K/AKT pathway most 
likely due to mutations in the different driver genes. 
For example, Jurkat cells have a frameshift mutation 
in PTEN, while CCRF-CEM cells display several 
mutations in genes that encode the upstream kinases 
of the PI3K/AKT pathway. Mutations in RAS family 
proteins potentiate MAPK signaling [23, 24]. 
However, although CCRF-CEM cells harbor a KRAS 
activating mutation, it has a lower level of ERK1/2 
activation in comparison to Jurkat cells. This can be 
due to the fact that Jurkat cells have an extremely 
strong ERK1/2 signaling. Besides, ERK1/2 activation, 
KRAS can also activate the PI3K/mTOR signaling 
pathway [25]. Collectively, these findings suggest that 
CCRF-CEM and Jurkat cells differ in their way of 
molecular signaling although both cell lines carry 
mutations in many overlapping genes. 

 

 
Figure 2. CCRF-CEM and Jurkat cells differ in their enrichment of oncogenic signaling: Gene set enrichment analysis (GSEA) showed enrichment of 
mTORC1 (A) signaling in CCRF-CEM cells, mTORC1 (B), KRAS (C) TGF beta (D), MEK (E) and RAF (F) signaling in Jurkat cells. 
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Figure 3. CCRF-CEM and Jurkat cells differ in their somatic mutations: (A) Jurkat cells acquired more mutations over CCRF-CEM cells. (B) Considering 
the Cancer Gene Census, CCRF-CEM and Jurkat cells have 19 common genes mutated. CCRF-CEM has 31 unique mutations while Jurkat has 117 unique mutations. 
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