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T-cell acute lymphoblastic leukemia (T-ALL) is a malignancy of thymic T-cell precursors. Overexpression of oncogenic 
transcription factor TAL1 is observed in 40-60% of human T-ALL cases, frequently together with activation of the NOTCH1 
and PI3K-AKT pathways. In this study, we performed chemical screening to identify small molecules that can inhibit the 
enhancer activity driven by TAL1 using the GIMAP enhancer reporter system. Among approximately 3,000 compounds, PIK-
75, a known inhibitor of PI3K and CDK, was found to strongly inhibit the enhancer activity. Mechanistic analysis 
demonstrated that PIK-75 blocks transcriptional activity, which primarily affects TAL1 target genes as well as AKT activity. 
TAL1-positive, AKT-activated T-ALL cells were very sensitive to PIK-75, as evidenced by growth inhibition and apoptosis 
induction, while T-ALL cells that exhibited activation of the JAK-STAT pathway were insensitive to this drug. Together, our 
study demonstrates a strategy targeting two types of core machineries mediated by oncogenic transcription factors and 
signaling pathways in T-ALL.  
 

Abstract 

Targeting dual oncogenic machineries driven by TAL1  
and PI3K-AKT pathways in T-cell acute lymphoblastic 
leukemia

Introduction 
T-cell acute lymphoblastic leukemia (T-ALL) is a malig-
nant disorder resulting from the leukemic transformation 
of T-cell precursors.1-5 This disease is characterized by 
aberrant expression of oncogenic transcription factors 
such as TAL1, TAL2, TLX1, TLX3, LMO1, LMO2, HOXA and 
NKX2-1, which are exclusively expressed and define dis-
tinct molecular subgroups1-5 (called “type A” abnormal-
ities).4 Although recent developments in small-molecule 
inhibitors have produced remarkable clinical results 
against certain malignancies, such benefits have not been 
obtained in T-ALL. Therefore, further advances in progno-
sis require improved knowledge of T-ALL pathogenesis 
and the identification of novel therapeutic drugs for this 
disease. 
TAL1 is one of the most prevalent oncogenes in T-ALL and 
is aberrantly overexpressed in 40-60% of human T-ALL 
cases.6-8 We previously reported that TAL1 forms an inter-
connected autoregulatory loop with its regulatory 
partners (GATA3 and RUNX1) in T-ALL cells,9 which likely 

contributes substantially to sustaining the oncogenic 
transcriptional program. We also identified several critical 
downstream targets and their enhancers, including the 
GIMAP and ARID5B genes,10-13 that are directly activated by 
TAL1 under the control of super-enhancers in T-ALL cells. 
Interestingly, multiple GIMAP genes, which are located 
within a gene cluster, are regulated by a single enhancer 
element in T-ALL cells. TAL1, GATA3, and RUNX1 activate 
this enhancer, while the tumor suppressor E-proteins (E2A 
and HEB) inhibit this activity. This element is also directly 
regulated by NOTCH1,13 another prevalent oncogene in T-
ALL.14 Thus, the activity of the GIMAP enhancer represents 
the status of oncogenic transcription factors and tumor 
suppressors in T-ALL cells. 
Besides type A abnormalities, many studies have demon-
strated that several molecular abnormalities, many of 
which are pro-proliferative and pro-survival signaling 
pathways, are shared across different T-ALL subgroups1-5 
(called “type B” abnormalities).4 They are often simulta-
neously present and cooperate with type A abnormalities 
in T-ALL. These abnormalities include genetic mutations 
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in PI3K-AKT-PTEN pathway components, which are more 
frequently observed in TAL1-positive T-ALL (approximately 
50%) than in other subgroups (7-30%), while activation of 
the JAK-STAT pathway is more frequently observed in 
TLX1/3-positive T-ALL (43%).15,16 These genetic relation-
ships suggest preferential combination and cooperative 
effects between specific type A and type B abnormalities. 
In other words, it is ideal to concurrently block such co-
operative mechanisms as a therapeutic strategy. 
In this study, we began with chemical screening to identify 
small molecules that can inhibit enhancer activity driven 
by the TAL1 complex using the GIMAP enhancer reporter 
system. This pinpointed PIK-75, a known inhibitor of PI3K 
and cyclin-dependent kinases (CDK), which exerts potent 
cytotoxicity through inhibition of TAL1 and PI3K-AKT path-
ways. Our study proposes a strategy targeting dual onco-
genic mechanisms driven by type A and B abnormalities 
in T-ALL cells. 

Methods 
Cell culture and reagents 
All T-ALL cell lines and 293T cells were cultured in RPMI-
1640 and DMEM medium (BioWest), respectively, supple-
mented with 10% fetal bovine serum (BioWest) in a CO2 
incubator. For interleukin-7 (IL-7) stimulation, HPB-ALL 
and SUP-T1 cells were cultured with 50 ng/mL recom-
binant human IL-7 (PeproTech) for 24 hours. Dibenzaze-
pine (DBZ) was purchased from Tocris. THZ1 and (+)-JQ1 
were purchased from Selleck Chemicals. WP1130 and PIK-
75 were purchased from MedChemExpress. 

Patient-derived xenograft model 
Two human T-ALL patient-derived xenograft (PDX) 
samples (DFCI-9 and DFCI-15) were kindly provided by Dr 
Alejandro Gutierrez and were expanded in NOD-SCID-γ 
mice via tail vein injection. Human leukemic cells were 
harvested from moribund mice and sorted by fluor-
escence-activated cell sorting (FACS) using an anti-human 
CD45-APC antibody (BioLegend) by BD FACS ARIA. The 
protocol was approved by the Institutional Animal Care 
and Use Committee of the National University of Sin-
gapore. 

Chemical screening 
Chemical screening was performed at the Center for High-
throughput Phenomics, Genome Institute of Singapore 
(CHiP-GIS). Briefly, Jurkat cells stably transduced with the 
eGIMAP-luciferase construct were seeded in 384-well 
plates at 2,500 cells per well. After 24 hours, compounds 
from the Epigenetics 151 Library (151 compounds, 2 mM, 
duplicates), Anticancer Library (414 compounds, 1 mM, trip-
licates), and Spectrum Collection (2,396 compounds, 1 

µM, triplicates), dimethyl sulfoxide (DMSO), and THZ1 (1 
µM) were added using a liquid handling workstation. Five 
hours after incubation, cell viability (fluorescence) and en-
hancer activity (luminescence) were measured using the 
ONE-Glo+Tox Luciferase Reporter and Cell Viability Assay 
(Promega) using a microplate reader (Tecan). The readout 
was normalized among the replicates. 

Knockdown and overexpression experiments 
Short hairpin RNA (shRNA) sequences are listed in the On-
line Supplementary Table S1. Each sequence was cloned 
into pLKO.1-puro lentiviral vector. 293T cells were trans-
fected with envelope plasmid pMD2.G, packaging plas-
mids pMDLg/pRRE and pRSV-Rev, and the corresponding 
shRNA constructs using FuGENE 6 transfection reagent 
(Promega) and Opti-MEM (Gibco). Jurkat cells were spi-
noculated with filtered virus-containing medium supple-
mented with polybrene (Sigma-Aldrich). Puromycin was 
added 36 hours post infection. For BCL2 overexpression, 
293T cells were transfected with pMSCV-GFP-BCL2,11 

packaging plasmid gag-pol, and envelope plasmid VSV-G 
using FuGENE 6 transfection reagent and Opti-MEM. Jur-
kat cells were spinoculated with filtered virus-containing 
medium supplemented with polybrene. 

RNA extraction and quantitative reverse transcription 
polymerase chain reaction 
Total RNA was extracted using a NucleoSpin RNA kit (Mac-
herey-Nagel). A total of 1,000 ng RNA and 1 mL of ERCC 
Spike-In (1:100 dilution) (Invitrogen) was reverse-tran-
scribed into cDNA using iScript cDNA Synthesis Kit (Bio-
Rad). Quantitative polymerase chain reaction (qPCR) was 
performed using Power SYBR Green PCR Master Mix (Ap-
plied Biosystems) on the Quant Studio 3 System (Thermo 
Fisher Scientific). mRNA expression levels were evaluated 
using the ΔΔ Ct method. Primer sequences are listed in 
the Online Supplementary Table S2. 

Protein extraction and western blot analysis 
Cells were lysed with Cell Lysis Buffer (Cell Signaling Tech-
nology) supplemented with protease inhibitor (Thermo 
Scientific). Proteins were separated by SDS-PAGE and 
transferred onto polyvinylidene difluoride membranes 
(Bio-Rad). The antibodies used are listed in the Online 
Supplementary Table S3. 

Cell viability assay 
Cell lines were seeded at 5,000 cells per well into 96-well 
plates. Cell viability was measured after treatment with 
inhibitors by measuring the luminescence using a Cell-
Titer-Glo assay (Promega). The half maximal inhibitory 
concentration (IC50) values were determined by the dose 
response inhibition function using variable slope by 
GraphPad Prism. 
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Flow cytometric analysis 
For the apoptosis assay, cells were treated with PIK-75 at 
the corresponding IC80 values for 4 hours and were stained 
with AnnexinV-APC (BioLegend) and propidium iodide 
(Sigma) for 15 minutes. The cells were then analyzed by 
flow cytometry (BD, LSR II) and FlowJo.  

RNA sequencing analysis 
Sample preparation  
ERCC RNA spike-in controls (1:10) were added at 1 uL per 
1 million cells. Total RNA was extracted using QIAzol re-
agent, miRNeasy Mini Kit, and DNase I (Qiagen). Strand-
specific library construction and 100-bp paired-end 
sequencing with a sequencing depth of 20 M reads on 
DNBseq were performed at BGI Genomics. 

Data processing 
RNA sequencing (RNA-seq) reads were mapped to tran-
script sequences of curated RefSeq and ERCC spike-in 
controls using salmon (version 1.1.0)17 with the options “--
gcBias --seqBias –validateMappings”. The index file for the 
transcript sequences was created with default settings. 
Transcript-level read counts were converted to gene-level 
read counts using tximport (version 1.14.2).18 The genes that 
did not have more than five read counts in at least two 
samples were removed. The gene level read counts were 
normalized using upper quantile normalization, and those 
of spike-in controls were used to estimate the factor (k=1) 
of unwanted variation between samples using RUVSeq 
(version 1.20.0).19 Differentially expressed genes were then 
estimated using DESeq2 (version 1.26.0).20,21 The estimated 
unwanted factor was included in the design formula of 
DESeq2 for spike-in normalization. 

Gene set enrichment analysis and gene ontology 
analysis 
Gene set enrichment analysis (GSEA)22 analysis was per-
formed on the normalized RNA-seq data. High-confidence 
targets of TAL1 were previously defined12 by identifying 
genes that have enhancer regions bound by TAL1 and are 
also downregulated by the knockdown. Super-enhancer-
associated genes were also previously defined,12 which 
possess super-enhancers in Jurkat but not in normal thy-
mus, Th1, Th2 or Th17 cells. Gene ontology (GO) analysis 
was performed using the Enrichr tool.23 The top 10 cat-
egories with the lowest adjusted P value were selected. 

Statistical analysis 
Statistical analysis was performed for the results which 
were done with biological replicates. Comparisons were 
performed with Student’s t-tests, and P values denoted 
as *P<0.05, **P<0.01, or ***P<0.001 were deemed signifi-
cant (NS, not significant). Standard deviation (SD) was not 
shown for the results which were done in duplicates.  

Dataset availability 
RNA-seq data has been deposited in the Gene Expression 
Omnibus database under accession numbers GSE181435. 

Results 
Establishment of the GIMAP enhancer reporter system 
In our previous study, we identified an enhancer element 
regulating multiple GIMAP genes within the GIMAP gene 
cluster13 (also shown in the Online Supplementary Figure 
S1A). This element was bound by TAL1, its regulatory 
partners (GATA3 and RUNX1) and coactivators (e.g., CBP) in 
a T-ALL cell line (Jurkat). The same position was also bound 
by NOTCH1. Notably, this element was associated with a 
super-enhancer in multiple T-ALL cell samples, thus show-
ing that it is highly activated in T-ALL cells. We cloned the 
enhancer sequence into a luciferase reporter construct, 
which was shown to be activated by TAL1 and its regulatory 
partners and inhibited by E-proteins in T-ALL cells.  
In the current study, we utilized this reporter system as a 
readout to evaluate the overall transcriptional activity. Using 
this system, we aimed to identify drugs that can globally in-
hibit transcriptional activity mediated by TAL1 rather than 
focusing on specific function or expression of GIMAP genes. 
We established a Jurkat subclone that stably expressed the 
reporter construct (Figure 1A). Under this condition, luci-
ferase expression can be induced by transcription factors 
endogenously expressed in Jurkat cells. As a proof of prin-
ciple, we confirmed that genetic knockdown of TAL1 or its 
regulatory partners by shRNA significantly inhibited luci-
ferase activity (Figure 1B). Pharmacological inhibition of 
NOTCH1 activity with DBZ, a γ-secretase inhibitor (GSI), 
moderately inhibited luciferase activity (Figure 1C) compared 
to vehicle (DMSO) (Online Supplementary Figure S1B), sug-
gesting that the GIMAP enhancer is not completely depend-
ent on NOTCH1 activity. We also confirmed that a 
small-molecule inhibitor of CDK7 (THZ1) that inhibits the ac-
tivation of RNA polymerase II24 strongly downregulated luci-
ferase activity after 5 hours of treatment (Figure 1C). Thus, 
THZ1 serves as a positive control. 
Of note, T-ALL cells, including Jurkat cells, are known to be 
sensitive to transcription inhibition by THZ1 treatment.24 Cell 
viability was significantly inhibited after 24 hours of treat-
ment (Online Supplementary Figure S1C). Thus, in order to 
minimize indirect or non-specific effects on transcription 
due to growth inhibition, we decided to measure luciferase 
activity only after 5 hours of drug treatment. 

Small-molecule screening identified PIK-75, which 
inhibits GIMAP enhancer activity 
We then performed a chemical screening using this re-
porter system to identify small molecules that can block 
the enhancer activity driven by oncogenic transcription 
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factors. We applied three small-molecule libraries (“spec-
trum collection”, “epigenetic library”, and “anticancer li-
brary”), which included a total of approximately 3,000 
commercially-available compounds (Figure 2A). We 
measured both enhancer activity and cell viability in tech-

nical duplicates 5 hours after drug addition. The results 
were compared to DMSO (negative control) and THZ1 
(positive control) (Figure 2B for anticancer library; Online 
Supplementary Table S4). 
As expected, THZ1 strongly inhibited enhancer activity 

Figure 1. Establishment of the GIMAP enhancer reporter system. (A) Overview of the strategy used to screen for small-molecule 
compounds. The GIMAP enhancer luciferase reporter construct (eGIMAP-pGL4.26) was cloned and transfected into Jurkat cells. 
Stable clones were selected and subjected to drug screening or genetic knockdown. (B) Jurkat cells stably expressing the GIMAP 
reporter construct were subjected to short hairpin RNA (shRNA) knockdown using lentivirus infection. Cell viability and luciferase 
activity were measured 3 days post infection. Relative luminescence was determined by normalizing luciferase activity to cell 
viability and is presented as the fold change compared to the control scrambled RNA (shScrambled RNA). The values are shown 
as individual dots and the mean ± standard deviation of technical triplicates. (C) Jurkat cells stably expressing the GIMAP reporter 
construct were treated with DBZ or THZ1. Cell viability and luciferase activity were measured after 5 hours. Relative luminescence 
was determined by normalizing luciferase activity to cell viability and is presented as the fold change compared to untreated 
cells (0 nM). The values are shown as individual dots and the mean ± standrard devaition of technical triplicates. Representative 
results from multiple independent experiments were shown (B and C).

B
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(shown in red) as compared to DMSO (shown in orange) 
and the majority of compounds. In contrast, several cyto-
toxic agents (obatoclax mesylate, PHA-665752, CNX-2006, 
osimertinib, and AZ5104) dominantly reduced cell viability 
but not enhancer activity (shown in purple), suggesting 
that the mechanism of growth inhibition of these com-
pounds is independent of transcription activities. We then 
shortlisted the compounds that showed stronger reduc-
tion in enhancer activity than THZ1 (fold change of lumi-
nescence compared to THZ1 <0.5). Notably, two 
compounds (PIK-75 and WP1130) were statistically signifi-
cant (P<0.05, shown in green). These drugs also reduced 
cell viability, demonstrating strong cytotoxicity at even 
short time points. Independent validation showed that 

treatment with PIK-75 significantly inhibited enhancer ac-
tivity in a dose-dependent manner (Figure 2C), similar to 
the results of THZ1 treatment. However, WP1130 inhibited 
the activity only at high concentrations (over 3 mM) and 
thus was not selected for the downstream analysis. 
Of note, PIK-75 was originally developed as an inhibitor 
that blocks PI3K p110a activity.25 Later studies showed that 
PIK-75 also inhibits other kinases including CDK.25,26 Hence, 
this drug has multiple targets besides PI3K. In contrast, 
34 other small molecules included in our chemical 
screening (e.g., PI-103), which have been reported to spe-
cifically inhibit PI3K or its downstream AKT or mTOR, did 
not show a stronger inhibitory effect than PIK-75 on luci-
ferase (0.174 for PIK-75, and 0.502-1.188 for 34 drugs) or 

Figure 2. Chemical screening using the GIMAP enhancer reporter system. (A) Overview of the chemical screening strategy. Using 
a liquid handling workstation, 2,961 compounds from 3 chemical libraries, a negative control (dimethyl sulfoxide [DMSO]) and a 
positive control (THZ1), were added to Jurkat cells that stably expressed the GIMAP enhancer reporter construct. Cell viability 
and luciferase activity were measured after 5 hours using a microplate reader. Images were created by BioRender. (B) Scatterplot 
showing luminescence (representing the GIMAP enhancer activity) and fluorescence (representing cell viability) of the cells treated 
with each of the compounds from the anticancer library. The values shown are the means of technical triplicates, presented as 
fold change compared to THZ1. (C) Jurkat cells stably expressing the GIMAP enhancer construct were treated with PIK-75 and 
WP1130 at various concentrations. Cell viability and luciferase activity were measured after 5 hours. Relative luminescence was 
determined by normalizing luciferase activity to cell viability and is presented as the fold change compared to untreated cells. 
The values are shown as individual dots and the mean ± standard deviation of technical triplicates. Representative results from 
multiple independent experiments were shown (C).

B
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cell viability (0.599 for PIK-75, and 0.630-1.076 for 34 
drugs) (Online Supplementary Table S4). Similarly, A66, 
which is a more potent inhibitor of p110a subunit of PI3K, 
did not show a stronger growth inhibitory effect (Online 
Supplementary Figure S2). This suggested that the effect 
of PIK-75 is not solely attributed to the inhibition of PI3K, 
which prompted us to investigate detailed molecular 
mechanisms.  

PIK-75 treatment inhibits cell growth and induces 
apoptosis in T-cell acute lymphoblastic leukemia cells 
We first examined the growth inhibitory effect of PIK-75 
after 24 hours of treatment across different cell lines, to find 
if there are any factors associated with the sensitivity. Prior 
to this, we analyzed the status of AKT, a downstream target 
of PI3K, which demonstrated that AKT was constitutively 
phosphorylated on Ser473 in many T-ALL cell lines, most of 
which were TAL1-positive cell lines (Figure 3A). Of note, we 
could not find any TAL1-positive cell line without AKT phos-
phorylation in our stock, suggesting a potential requirement 
of AKT activity in those T-ALL cases when established in 
culture. This is similar to the observation in primary human 
T-ALL cases in which TAL1 overexpression was frequently 
observed with genetic mutations of the PI3K-AKT pathway.15 
Interestingly, we observed a notable difference in drug sen-
sitivity (Figure 3B). Cell lines with viability greater than 20% 
after treatment with 1 mM PIK-75 at 24 hours, for which IC50 
values could not be determined (N.D.), were considered to 
be insensitive. TAL1-positive T-ALL cell lines were found to 
be very sensitive to this inhibitor, for which the IC50 values 
were 59-96 nM (Figure 3C and D). In particular, five TAL1-
positive cell lines that exhibited constitutive AKT phos-
phorylation on Ser473 (MOLT-16, MOLT-4, Jurkat, CCRF-CEM, 
RPMI-8402) were more sensitive than those that exhibited 
constitutive AKT phosphorylation but did not express TAL1 
(SUP-T1, HPB-ALL, LOUCY, P12-ICHIKAWA) (Figure 3C and D). 
In contrast, four T-ALL cell lines that did not express TAL1 
nor exhibit phosphorylated AKT (KOPT-K1, ALL-SIL, DND-41, 
TALL-1) were the least sensitive (IC50 values N.D.). In particu-
lar, DND-41 cells were strongly insensitive to PIK-75 (yellow 
lines in Figure 3B and C). It is noteworthy that these four 
lines have been previously reported to be sensitive to GSI.27 
Additionally, ALL-SIL cells that do not express TAL1 but har-
bor the NUP214-ABL1 fusion28 were insensitive to this drug 
(gray lines in Figure 3B and C).  Comparison among three 
groups of cell lines based on TAL1 and AKT status 
(“TAL1+pAKT+”, “TAL1-pAKT+”, and “TAL1-pAKT-“) showed 
that “TAL1+/pAKT+” cell lines (MOLT-16, MOLT-4, Jurkat, 
CCRF-CEM, RPMI-8402 and PF-382) were most sensitive 
(IC50 values 59-96 nM) with an exception of PF-382 (N.D.). 
“TAL1-/pAKT+” cell lines (SUP-T1, HPB-ALL, LOUCY and P12-
ICHIKAWA) were relatively sensitive (IC50 values 105-172 nM) 
with the exception of LOUCY and P12-ICHIKAWA (N.D.), while 
“TAL1-pAKT-” cell lines (KOPT-K1, ALL-SIL, DND-41 and TALL-

1) were least sensitive (N.D.). These results suggested that 
drug sensitivity is associated with TAL1 and AKT status.   
We next analyzed cellular phenotypes after PIK-75 treat-
ment. We used 120 nM, which is the IC80 of a sensitive cell 
line, Jurkat. This analysis showed that apoptosis was in-
duced in Jurkat as early as at 4 hours (Figure 3E; Online 
Supplementary Figure S3A), which was more evident at 
higher doses at 24 hours (Online Supplementary Figure S3B). 
In contrast, there was not much increase in an insensitive 
cell line (DND-41) (Online Supplementary Figure S3A to C). 
Together, our results indicated that PIK-75 exerts potent 
growth inhibitory effects via the induction of apoptosis pref-
erentially in TAL1-positive, AKT-activated T-ALL cells.  

Sensitivity to PIK-75 is associated with the dependency on 
specific PI3K subunits 
However, there were some exceptions of cell lines. SUP-T1 
was TAL1-negative but sensitive to PIK-75, while PF-382 was 
TAL1-positive but relatively less sensitive. Thus, we made 
use of the DepMap database29-32 to further examine the de-
pendency of T-ALL cell lines on the PI3K-AKT pathway based 
on the CRISPR- or shRNA-mediated genetic inhibition (On-
line Supplementary Table S5).  
This analysis demonstrated that Jurkat (TAL1-positive, PIK-
75-sensitive cell line) was indeed highly dependent on 
p110γ/PIK3CG, one of PI3K subunits, as shown by negative 
score (growth inhibition) after CRISPR-based growth in-
hibition. In contrast, DND-41 (insensitive line) was not de-
pendent on any of PI3K subunits. Notably, SUP-T1 cells 
(TAL1-negative, sensitive line) was strongly dependent on 
p110a/PIK3CA, as supported by both CRISPR and shRNA 
data. Additionally, we found that PF-382 (TAL1-positive, less 
sensitive) was dependent on p110d/PIK3CD, while PIK-75 pri-
marily targets p110a/PIK3CA and p110γ/PIK3CG but not 
p110d/PIK3CD. Thus, PF-382 is less sensitive to PIK-75 likely 
due to the substate specificity of this drug. Together, these 
analyses indicated that the dependency on PI3K-AKT path-
way is one of main determinants associated with drug sen-
sitivity. 

PIK-75 inhibits the phosphorylation of AKT and RNA 
polymerase II 
We next investigated the molecular mechanism of growth 
inhibition by PIK-75. For this experiment, we used higher 
concentration (1 mM) to analyze the effect for both sensitive 
and insensitive lines under the same concentration. Indeed, 
PIK-75 treatment inhibited the phosphorylation of AKT in 
both sensitive and insensitive cell line (LOUCY) (Figure 4A). 
This suggested that insensitive cell lines may have another 
mechanism that can support their cell survival after PI3K in-
hibition.   
As mentioned above, besides PI3K, PIK-75 has been known 
to inhibit other kinases including CDK (CDK7 and CDK9) and 
DNA-PK.25,26 In fact, a decrease in the phosphorylation of 
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RNA polymerase II at Ser 2 and 5 residues was observed in 
all treated cell lines, regardless of drug sensitivity (Figure 
4A). We observed a significant increase in γH2AX, a surrogate 
marker of the DNA damage response mediated by DNA-PK,33 
in sensitive cell lines. In contrast, in insensitive cell lines, 
there was little to no increase in γH2AX (Figure 4B). Thus, 
our results indicated that PIK-75 mainly inhibits the activity 
of RNA polymerase II and AKT.  

PIK-75 affects global transcription in T-cell acute 
lymphoblastic leukemia cells 
Because PIK-75 inhibits the activation of RNA polymerase II 
via the inhibition of CDK, we next examined if it globally in-
hibits transcription or affects specific genes. We first ana-
lyzed the effect of PIK-75 on TAL1 targets at the mRNA level. 
qRT-PCR analysis demonstrated that the mRNA expression 
of multiple GIMAP genes was significantly downregulated 
after 4 hours of treatment in Jurkat (Figure 5A) and other 
cell lines (Online Supplementary Figure 4A). Similarly, the 
mRNA expression of other known targets of TAL1,9,12,34 includ-
ing ARID5B, NKX3-1 and MYB, was also downregulated after 
treatment (Figure 5B). This trend was found from low doses 
of PIK-75 in a dose-dependent manner (Online Supplemen-
tary Figure S4B). 
In order to comprehensively analyze gene expression 
changes, we performed RNA-seq analysis of one represen-
tative sensitive cell line (Jurkat) and one insensitive cell 
line (DND-41) treated with DMSO (control) or PIK-75 for 4 

hours at the IC80 of Jurkat. In order to analyze the global 
effect on transcription, we added synthesized RNA (ERCC 
spike-in) to the samples based on the cell number and 
normalized the expression values with or without the 
spike-in. Notably, when we analyzed the samples without 
the spike-in control, a large number of genes were signifi-
cantly downregulated or upregulated after drug treatment 
in both cell lines (Figure 5C, top panels). Under this con-
dition, spike-in RNA (shown in orange or purple) were over-
represented in the PIK-75-treated samples in both cell 
lines compared with the controls, indicating that the ex-
pression level of endogenous RNA were inappropriately 
represented. This suggested that the total pool of endog-
enous RNA might be reduced by PIK-75 treatment in both 
cell lines regardless of sensitivity. In fact, when we nor-
malized expression values using spike-in, the number of 
differentially-expressed genes was largely diminished (Fig-
ure 5C, bottom panels). Importantly, there were still many 
differentially-expressed genes in the sensitive line (Jurkat), 
while there were very few changes observed in the insen-
sitive line (DND-41) (Figure 5C; Online Supplementary Table 
S6). This result indicated that PIK-75 can globally affect 
RNA transcription in both cell lines, while it still affects 
specific molecular pathways in a sensitive cell line. 

PIK-75 inhibits the expression of downstream targets of 
TAL1 in T-cell acute lymphoblastic leukemia cells 
We then analyzed molecular pathways that were sensitive 

E

D

Figure 3. Growth inhibitory effect of PIK-75 on T-cell acute lymphoblastic leukemia cell lines. 
(A) Western blot showing the expression of phosphorylated AKT and TAL1 in T-cell acute lym-
phoblastic leukemia (T-ALL) cell lines. (B and C) T-ALL cell lines were treated with PIK-75. Cell 
viability was measured after 24 hours by CellTiter-Glo. The values shown are the mean ± stan-
dard deviation of technical triplicates and are normalized to untreated cells. Cell lines with 
viability greater than 20% after treatment with 1 mM PIK-75 were considered to be insensitive. 
Not able to be determined (N.D.), half maximal inhibitory concentration (IC50) values could not 
be determined by the dose response inhibition function using variable slope by GraphPad 
Prism. Cell lines grouped based on sensitivity to PIK-75 (B) or TAL1 and AKT status (C). (D) Cell 
lines ranked according to IC50 value. TAL1 and AKT status are annotated by color. (E) Jurkat 
cells were seeded at 10,000 cells per well, treated with dimethyl sulfoxide (DMSO) or PIK-75 
(120 nM) for 4 hours and stained with Annexin V-APC and PI. The values shown are the pro-
portions of the total population ± standard deviation of technical triplicates. Representative 
results from multiple independent experiments were shown (B to E).
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to PIK-75 treatment in a sensitive cell line. Consistent with 
the qRT-PCR results, GSEA showed that many of high-con-
fidence targets of TAL1 were significantly downregulated by 
PIK-75 treatment (Figure 6A). In addition, genes that are as-
sociated with super-enhancers in Jurkat cells but not in 
normal thymus were also significantly downregulated. 
Heatmap analysis also demonstrated the downregulation 
of TAL1 target genes after PIK-75 treatment in Jurkat cells 
(Figure 6B). This suggested that although PIK-75 globally af-
fects gene expression, it preferentially inhibits key onco-
genic pathways, as previously reported for CDK7 inhibitors 
(THZ1) or BRD4 inhibitors (JQ1).24,35,36 Similarly, GO analysis 
with Enrichr indicated that many downregulated genes 
were involved in transcription pathways (Figure 6C). 
Related to this point, we also compared the growth in-
hibitory effect of PIK-75 with THZ1, JQ1 and DBZ (GSI) (On-
line Supplementary Figure S5A). This result indicated two 
cell lines (Jurkat and HPB-ALL) which were sensitive to 
PIK-75 were also sensitive to THZ1, while two cell lines 
(DND-41 and TALL-1) which were insensitive to PIK-75 were 
also relatively insensitive to THZ1. In contrast, no strong 
cytotoxicity or consistent trend were observed for JQ1 in 
our setting. As expected, both THZ1 and JQ1 inhibited the 
expression of GIMAPs and ARID5B (Online Supplementary 
Figure S5B) which are regulated under super-enhancers.12,13 
Of note, expression of known downstream targets of 
NOTCH1, such as HES1 and MYC, were downregulated by 
DBZ but not by PIK-75 in Jurkat cells (Online Supplemen-

tary Figure S5C). This result suggested that PIK-75’s effect 
is independent from NOTCH1 activity.  

Activation of the JAK-STAT pathway confers drug 
resistance to PIK-75 treatment 
Notably, we found that in the insensitive cell line (DND-
41), the CISH and PIM1 genes were significantly upregu-
lated after treatment (Figure 7A; Online Supplementary 
Table S6). These genes have been known to serve down-
stream of the JAK-STAT pathway, which is primarily acti-
vated by IL-7 receptor (IL-7R) signaling.37,38 In fact, 
phosphorylation of STAT5 protein was observed in two in-
sensitive lines (KOPT-K1 and DND-41) at the basal level 
(Figure 7B). Phosphorylation of multiple JAK and STAT pro-
teins increased after treatment with PIK-75 in DND-41 
cells but not in Jurkat cells (Figure 7C). Hence, we postu-
lated that activation of the JAK-STAT pathway may be re-
lated to the sensitivity to PIK-75. 
In order to further confirm this finding, we tested PIK-
75 under two other conditions: i) in HPB-ALL cells, which 
exhibit the constitutive phosphorylation of AKT (Figure 
3A) and also express IL-7R that can activate JAK-STAT 
pathway after IL-7 treatment, and ii) in SUP-T1 cells, 
which cannot activate this pathway after IL-7 treatment. 
We first pretreated HPB-ALL cells with IL-7 ligand to in-
duce JAK-STAT activation (Figure 7D) and then treated 
them with PIK-75. Of note, this cell line is sensitive to 
PIK-75 in the absence of IL-7 (Figures 3B and 7E), thus 

Figure 4. The effect of PIK-75 on target pro-
teins and pathways. (A) Western blot sho-
wing the expression of phosphorylated AKT 
and RNA polymerase II in 4 T-cell acute lym-
phoblastic leukemia (T-ALL) cell lines (Jur-
kat, CCRF-CEM, DND-41, and LOUCY). All cell 
lines were treated with dimethyl sulfoxide 
(DMSO) or PIK-75 (1 mM). (B) Western blot 
analysis showing the expression of γH2AX in 
Jurkat, CCRF-CEM, DND-41, and LOUCY cells 
treated with either DMSO or PIK-75 (1 mM). 
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suggesting that it is dependent on AKT pathway. Re-
markably, IL-7-treated cells were completely insensitive 
to PIK-75 treatment (Figure 7E), similar to DND-41 cells. 
The expression of BCL2, an anti-apoptotic protein that has 
been known as a downstream target of JAK-STAT pathway, 
was upregulated after IL-7 treatment (Figure 7D and F). This 

indicated that the growth inhibitory effect of PIK-75 likely 
via AKT inhibition can be rescued by the activation of JAK-
STAT pathway. In contrast, in SUP-T1 cells, IL-7 treatment 
did not induce STAT activation or confer resistance to PIK-
75 (Online Supplementary Figure S6A and B). We also utilized 
the DepMap dataset, which demonstrated that DND-41 was 

Figure 5. Gene expression changes after PIK-75 treatment in T-cell acute lymphoblastic leukemia cells. (A and B) mRNA expres-
sion levels of GIMAP cluster genes (A) and other TAL1 targets (B) in Jurkat cells 4 hours after PIK-75 treatment (120 nM). Expression 
values were normalized to spike-in RNA and shown as individual dots and mean ± standard deviation of biological duplicates 
and technical duplicates. Representative results from multiple independent experiments were shown. (C) MA plot showing the 
average of normalized counts vs. log2-normalized fold change (FC) between samples treated with dimethyl sulfoxide (DMSO) 
and PIK-75, estimated using DESeq2 with or without spike-in normalization. Each individual gene and spike-in control are re-
presented by a single dot. RefSeq genes that showed statistically significant differences (adjusted P value <0.01) are colored 
blue. Similarly, spike-in controls are shown in purple (adjusted P value <0.01) or orange. N.S.: not significant.
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Figure 6. The effect of PIK-75 on TAL1 targets and super-enhancer-associated genes. (A) Gene set enrichment analysis (GSEA) to de-
termine overall correlation between the change in gene expression after PIK-75 treatment in Jurkat cells and specific set of genes. The 
list of high-confidence TAL1 target genes (bound by TAL1 and downregulated after TAL1 knockdown in Jurkat cells) and of super-enhancer 
associated genes were used as gene sets. (B) Heatmap showing the expression of TAL1 targets after PIK-75 treatment. (C) Gene ontology 
analysis was performed using genes that were significantly downregulated (base mean >10, log2 (fold change) × -log10 (P value) <-1, ad-
justed P value <0.01) in Jurkat cells 4 hours after PIK-75 treatment. The top 10 terms were selected according to the adjusted P value 
and are shown according to the combined score. Adjusted P value was calculated using Fisher’s exact test.
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Figure 7. Potential involvement of JAK-STAT pathway in drug sensitivity to PIK-75. (A) mRNA expression levels of PIM1 and CISH 
in Jurkat and DND-41 cells 4 hours after PIK-75 treatment (120 nM). Expression values were normalized to spike-in RNA and 
shown as individual dots and mean ± standard deviation of biological duplicates and technical duplicates. Representative results 
from multiple independent experiments were shown. (B) Western blot analysis showing the expression of phosphorylated STAT5 
proteins in a panel of T-cell acute lymphoblastic leukemia (T-ALL) cell lines. (C) Western blot analysis showing the expression of 
multiple JAK and STAT proteins and their phosphorylated forms in Jurkat and DND-41 cell lines after treatment with dimethyl 
sulfoxide (DMSO) (control) or PIK-75 (120 nM) for 4 hours. (D) Western blot analysis showing the expression of phosphorylated 
JAK and STAT proteins as well as BCL2 protein with or without IL-7 induction and PIK-75 treatment (HPB-ALL half maximal in-
hibitory concentration [IC50] =640 nM). (E) HPB-ALL was induced with IL-7 (50 ng/mL) for 24 hours before treatment with PIK-75. 
Cell viability was measured after 24 hours by CellTiter-Glo. The values shown are the mean ± standard deviation of technical tri-
plicates and are normalized to untreated cells. (F) mRNA expression level of BCL2 in HPB-ALL cells after 24 hours of IL-7 treatment 
and/or 4 hours of PIK-75 treatment (640 nM) was measured by qunatitative reverse transcription polymerase chain reaction (qRT-
PCR). Expression values were normalized to spike-in RNA and shown as individual dots and mean of technical duplicates. Re-
presentative results from multiple independent experiments were shown.

strongly dependent on IL-7R and JAK1 while SUP-T1 was not 
affected by IL-7R knockdown.  
In order to further analyze the effect of JAK-STAT activa-
tion, we overexpressed BCL2 in Jurkat cells expressing the 
GIMAP reporter construct. In this setting, BCL2 expression 
was able to rescue growth inhibitory effect of PIK-75; 

however, luciferase activity was still inhibited (Online Sup-
plementary Figure S6C and D). This result indicated that 
although BCL2 overexpression can sustain cell viability, it 
does not affect enhancer activity. Hence, mechanism of 
drug resistance by JAK-STAT signaling is likely due to the 
compensation of cell survival pathway but not due to the 
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interference of enhancer activity. Together, these findings 
indicated that JAK-STAT-active T-ALL cells are insensitive 
to PIK-75 treatment. 

PIK-75 treatment inhibits the growth of primary T-cell 
acute lymphoblastic leukemia cells ex vivo 
Finally, we investigated the potential therapeutic applica-
tion of PIK-75. We analyzed the effect of PIK-75 on two 
human primary T-ALL cells (DFCI-9 and DFCI-15) propa-
gated in a PDX model. Indeed, both DFCI-9 and DFCI-15 
samples were sensitive to PIK-75, with IC50 values of 118 
nM and 112 nM, respectively (Figure 8A). Similarly, we ob-
served a reduction in phosphorylated RNA polymerase II 
and AKT after PIK-75 treatment in DFCI-15 cells (Figure 
8B).  

Discussion 
In this study, we identified PIK-75 as one of top hit com-
pounds from a chemical screening. This drug exerts potent 
antitumor effects in vitro via the inhibition of two core on-
cogenic machineries supporting the proliferation and sur-
vival of T-ALL cells: i) a transcriptional program driven by 
oncogenic transcription factors (type A abnormality) and 
ii) the PI3K-AKT pathway (type B abnormality). Our results 
support previous findings on the preferential relationship 
between type A and B genetic abnormalities and demon-
strate the feasibility of a therapeutic strategy concurrently 
targeting these mechanisms. 
In human T-ALL, genetic abnormalities in PI3K-AKT path-
way components are more frequently observed in the 
TAL1-positive T-ALL subgroup.15,39 Under experimental con-
ditions, overexpression of TAL1 together with the activated 
form of AKT promotes T-ALL cell growth in mouse cells, 
which demonstrated a cooperative effect between these 
two abnormalities.40,41 Similar cooperative effects have 

been reported for the TLX and JAK-STAT pathways.42,43 
These studies suggested an oncogenic collaboration be-
tween specific type A and type B abnormalities. In line 
with this notion, our study demonstrated that TAL1-posi-
tive, AKT-activated cell lines are sensitive to PIK-75, while 
activation of the JAK-STAT pathway confers resistance to 
this drug. This also suggested that the survival of T-ALL 
cells is dependent on one specific type B signaling path-
way in each subgroup (i.e., PI3K-AKT in TAL1 subgroup, and 
JAK-STAT in TLX subgroup). 
However, previous studies showed that small-molecule 
inhibitors of PI3K or AKT require relatively high concentra-
tions to inhibit cell growth by a single treatment, even 
though they can inhibit AKT activation.44-46 In this regard, 
PIK-75 exhibited strong cytotoxicity at low doses. This is 
likely attributed to concurrent inhibition of RNA polyme-
rase II activity. An early study by Gray and Young’s groups 
showed that THZ1 can induce a strong growth inhibitory 
effect by inhibiting the general transcription machinery.24 

Similarly, inhibition of BRD4 by JQ1 induces potent cyto-
toxicity.47,48 Importantly, these studies reported that genes 
associated with super-enhancers are preferentially down-
regulated after treatment with these inhibitors. In fact, we 
observed that many TAL1 targets and super-enhancer-as-
sociated genes, including GIMAP and ARID5B, were signifi-
cantly downregulated. Thus, although this drug affects 
global transcription and does not directly target TAL1 pro-
tein, it predominantly affects the transcriptional program 
driven by TAL1. Importantly, PIK-75 showed a potent cyto-
toxicity, demonstrating the advantage of dual inhibition of 
RNA polymerase II and PI3K-AKT pathway.   
It is noteworthy that the sensitivity to this drug is not at-
tributed to NOTCH1 status but rather is inversely associ-
ated with sensitivity to GSI. Resistance to GSI is a 
common problem which prevents the application of this 
type of drug for T-ALL.49 Previously, Look’s group reported 
that several T-ALL cell lines (DND-41, HPB-ALL, TALL-1 and 

Figure 8. Growth inhibitory effect of 
PIK-75 on primary T-cell acute lym-
phoblastic leukemia cells. (A) Two 
patient-derived mouse xenograft 
samples (DFCI-9 and DFCI-15) were 
treated with PIK-75. Cell viability was 
measured after 24 hours by CellTiter-
Glo. The values shown are the mean 
± standard deviation of technical tri-
plicates and are normalized to un-
treated cells. (B) Western blot 
analysis showing the expression of 
RNA polymerase II, AKT, and their 
phosphorylated forms in DFCI-15 
cells after treatment with dimethyl 
sulfoxide (control) or PIK-75 (DFCI-15 
half maximal inhibitory concentra-
tion [IC50] =210 nM) for 4 hours.
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KOPT-K1) are particularly sensitive to GSI, while many 
other cell lines are resistant.27 Ferrando’s group also re-
ported that many GSI-resistant cell lines exhibit AKT ac-
tivation, which confers drug resistance after GSI 
treatment.44 These findings indicated that cell proliferation 
and survival in the GSI-resistant lines were supported by 
the PI3K-AKT pathway. In fact, GSI-resistant cell lines are 
relatively more sensitive than GSI-sensitive cell lines to 
PI3K/AKT inhibitors.45 In line with this finding, we also dem-
onstrated here that most GSI-resistant lines were sensitive 
to PIK-75, while four GSI-sensitive cell lines were insensi-
tive. Together, our results highlight the exclusive relation-
ship between oncogenic transcription factors (TAL1 vs. TLX), 
signaling pathways (PI3K-AKT vs. JAK-STAT) and drug sen-
sitivity (PIK-75-sensitive vs. GSI-sensitive).  
Taken together, our study demonstrated that PIK-75 con-
currently inhibits two major oncogenic pathways (type A 
and B abnormalities), which is an ideal strategy to disrupt 
core machinery supporting the survival of T-ALL cells. Al-
though PIK-75 is an old “forgotten” drug that might have 
been replaced with more specific PI3K-AKT inhibitors, it 
is worth revisiting the mechanism of this drug. Because 
PIK-75 was mainly studied before the concept of enhancer 
inhibition with CDK7 or BRD inhibitor was estab-
lished,24,36,37,47,48,50 its activity on CDK might be underesti-
mated. Our study now demonstrates that multi-kinase 
specificity of PIK-75 rather provides an advantage for the 

treatment of T-ALL. However, we were also aware that one 
potential problem of this drug is the insolubility,51 which 
prevents the application of PIK-75 in vivo. Thus, to move 
this drug forward to the clinical setting, further improve-
ment of the chemical is necessary.   
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