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Abstract
Introduction Acute lymphoblastic leukemia (ALL) is the most common cancer in children, and riskadapted chemotherapies have dramatically improved the outcomes of this disease. Compared to B-cell
ALL, T-cell ALL (T-ALL) is more aggressive and has worse outcomes from chemotherapy. There is a great
unmet need to develop biomarkers and novel targeted therapies for this type of cancer. Working together
with internal and external collaborators, we performed a large-scale pharmacotyping assay in over 300
primary ALL samples. By combining pharmacotypying and genomic profiling of these samples, we
identified a substantial T-ALL population that showed strong response to dasatinib, a known ABL1
inhibitor. Importantly, none of the T-ALL responders harbored BCR-ABL1 or fusions predicted to respond
to ABL1 inhibitors. We identified differences in somatic genetic alterations between dasatinib responders
and non-responders. For example, as the prevalence of NOTCH1 mutations and TCF7-SPI1 fusion is
higher in dasatinib responders than non-responders, both of which are known to be associated with T-cell
differentiation. Because clonal expansion often occurs during leukemogenesis, resulting in heterogeneity
in the leukemia cell population and affecting dasatinib response. Therefore, we tested these hypotheses:
1) a subset of T-ALL cases responds to dasatinib in an ABL1-independent manner; 2) dasatinib sensitivity
in T-ALL is associated with T-cell differentiation stage; 3) intra-tumoral heterogeneity in T-ALL affects
dasatinib response; 4) dasatinib at the dosages used in pre-clinical models can reach desired drug
exposure and effect in patients predicted by pharmacokinetic & pharmacodynamic (PK & PD) modeling;
and 5) an LCK degradation approach can achieve better therapeutic efficacy than dasatinib in T-ALL.
Methods We applied a network-based Bayesian Inference of Drivers (NetBID) algorithm using RNA-seq
data to infer activity of each gene and identified drivers for dasatinib sensitivity. Genome-wide CRISPR/
Cas9 screening, phosphorylation flow cytometry, and phosphorylation proteomics assays were employed
to confirm the dependency and inhibitory effect of dasatinib on its therapeutic targets (dasatinib
sensitivity drivers). In vitro differentiation assay using mouse hematopoietic stem cells validated the
effect of T cell differentiation stages on dasatinib response. Single cell RNA sequencing was performed
to determine the intra-tumor heterogeneity in T ALL. We performed pharmacokinetic and
pharmacodynamic (PK & PD) studies using a patient-derived xenograft (PDX) model to predict the
achievable drug exposure and lymphocyte-specific protein tyrosine kinase (LCK) inhibition in human.
Mouse dasatinib exposure was measured by liquid chromatography–mass spectrometry (LC-MS), and
LCK inhibition was quantified by western blotting, which was further used to predict the exposureresponse relationship in patients. To develop novel T-ALL targeting approaches, we designed and
synthesized a set of proteolysis targeting chimeras (PROTACs) to degrade LCK in T-ALL. Western blotting
was used to measure the extent of degradation of LCK and other target proteins by PROTACs. Cell
viability assays were performed in leukemia cell lines and PDX cells to determine cytotoxicity of
PROTACs. We also performed kinome scan assay to determine the targeting spectrum of the lead
PROTAC. Lastly, T-ALL PDX mouse models were used for PK & PD profiling and evaluation of in vivo drug
efficacy.
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Abstract

Jianzhong Hu
Developing Targeted Therapies for T-cell Acute Lymphoblastic
Leukemia
Introduction. Acute lymphoblastic leukemia (ALL) is the most common cancer in
children, and risk-adapted chemotherapies have dramatically improved the outcomes of
this disease. Compared to B-cell ALL, T-cell ALL (T-ALL) is more aggressive and has worse
outcomes from chemotherapy. There is a great unmet need to develop biomarkers and
novel targeted therapies for this type of cancer. Working together with internal and external
collaborators, we performed a large-scale pharmacotyping assay in over 300 primary ALL
samples. By combining pharmacotypying and genomic profiling of these samples, we
identified a substantial T-ALL population that showed strong response to dasatinib, a
known ABL1 inhibitor. Importantly, none of the T-ALL responders harbored BCR-ABL1
or fusions predicted to respond to ABL1 inhibitors. We identified differences in somatic
genetic alterations between dasatinib responders and non-responders. For example, as the
prevalence of NOTCH1 mutations and TCF7-SPI1 fusion is higher in dasatinib responders
than non-responders, both of which are known to be associated with T-cell differentiation.
Because clonal expansion often occurs during leukemogenesis, resulting in heterogeneity in
the leukemia cell population and affecting dasatinib response. Therefore, we tested these
hypotheses: 1) a subset of T-ALL cases responds to dasatinib in an ABL1-independent
manner; 2) dasatinib sensitivity in T-ALL is associated with T-cell differentiation stage; 3)
intra-tumoral heterogeneity in T-ALL affects dasatinib response; 4) dasatinib at the dosages
used in pre-clinical models can reach desired drug exposure and effect in patients predicted
by pharmacokinetic & pharmacodynamic (PK & PD) modeling; and 5) an LCK degradation
approach can achieve better therapeutic efficacy than dasatinib in T-ALL.
Methods. We applied a network-based Bayesian Inference of Drivers (NetBID) algorithm using RNA-seq data to infer activity of each gene and identified drivers for dasatinib
sensitivity. Genome-wide CRISPR/Cas9 screening, phosphorylation flow cytometry, and
phosphorylation proteomics assays were employed to confirm the dependency and inhibitory effect of dasatinib on its therapeutic targets (dasatinib sensitivity drivers). In vitro
differentiation assay using mouse hematopoietic stem cells validated the effect of T cell
differentiation stages on dasatinib response. Single cell RNA sequencing was performed
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to determine the intra-tumor heterogeneity in T ALL. We performed pharmacokinetic and
pharmacodynamic (PK & PD) studies using a patient-derived xenograft (PDX) model to
predict the achievable drug exposure and lymphocyte-specific protein tyrosine kinase (LCK)
inhibition in human. Mouse dasatinib exposure was measured by liquid chromatography–mass spectrometry (LC-MS), and LCK inhibition was quantified by western blotting,
which was further used to predict the exposure-response relationship in patients. To develop novel T-ALL targeting approaches, we designed and synthesized a set of proteolysis
targeting chimeras (PROTACs) to degrade LCK in T-ALL. Western blotting was used to
measure the extent of degradation of LCK and other target proteins by PROTACs. Cell viability assays were performed in leukemia cell lines and PDX cells to determine cytotoxicity
of PROTACs. We also performed kinome scan assay to determine the targeting spectrum of
the lead PROTAC. Lastly, T-ALL PDX mouse models were used for PK & PD profiling and
evaluation of in vivo drug efficacy.
Results. Applying NetBID analysis in 45 T-ALL cases with distinct dasatinib sensitivity, we identified activation of pre-TCR LCK signaling as correlated with dasatinib
sensitivity. Dasatinib induced inhibition of LCK signaling measured by phosphorylation
flow cytometry and phosphoproteomic analysis. We observed the highest dependency of
T-ALL on LCK by genome wide CRISPR screening across 689 human cancer cell lines. In
vivo treatment of dasatinib significantly reduced tumor growth in and extended the survival
of T-ALL patient-derived xenograft (PDX) mice. T-cell differentiation stages are associated
with dastinib sensitivity as predicted by NetBID analysis using RNA-seq data of human and
mouse thymocytes.CD4/CD8 double negative stage 3 (DN3) was associated with dasatinib
sensitivity in both T-ALL cells and mouse thymocytes. Enforced expression of TCF7-SPI1
fusion in mouse hematopoietic progenitor cells resulted in arrest of T cell development at
the DN3 stage and LCK activation. Single cell RNA-seq demonstrated the intratumoral
heterogeneity in T-ALL blasts. Notably, LCK was activated in dasatinib-sensitive cells, and
BCL2 expression elevated in the dasatinib-resistant population. Biomarker analyses using
NetBID validated the reverse correlation of T-ALL sensitivity to dasatinib and BCL2 inhibitor venetoclax, suggesting the utility of combination therapy using dasatinib and BCL2
inhibitors. In vivo PK and PD profiling of dasatinib using T-ALL PDX model confirmed
that the effective dasatinib concentration is achievable in human. At dosages used to treat
patients with BCR-ABL1 positive leukemia, dasatinib could achieve comparable exposure
and LCK inhibition. Finally, we developed LCK targeting PROTACs to therapeutically
degrade LCK in T-ALL. Our lead compound SJ11646 produced profound LCK degradation
with 78- to 5,667-fold higher in vitro cytotoxicity in LCK-activated T-ALL cell line and
primary leukemia samples than dasatinib. Pharmacokinetic and pharmacodynamic studies
showed a 6.3-fold increase in LCK inhibition by SJ11646 than dasatinib in T-ALL PDXs,
translating into a superior anti-leukemic efficacy over dasatinib in vivo.
Conclusions. Our studies have identified preTCR-LCK signaling as the driver for
dasatinib sensitivity in T-ALL. T-cell differentiation of T-ALL is associated with distinct
activation of preTCR-LCK and BCL2 signaling, which translates to differential sensitivity
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to dasatinib. PK & PD profiling indicated an achievable dasatinib exposure and LCK
inhibition in human, providing the rationale of using dasatinib in T-ALL patients. Lastly,
we developed LCK targeting PROTACs which showed markedly enhanced LCK inhibition
and therapeutic efficacy in T-ALL. Taken together, these studies have provided a new
targeted therapeutic approach for T-cell acute lymphoblastic leukemia.
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Chapter 1
Introduction

1.1

Background Information

Acute lymphoblastic leukemia (ALL) is the most common cancer in children. Intensification
of cytotoxic chemotherapy stratified by ALL molecular subtypes has resulted in continuous
improvement of in the cure rate of this cancer, especially in children (Hunger and Mullighan,
2015; Pui et al., 2015). Targeted therapies have shown efficacy in in B-cell ALL, e.g.,
imatinib and dasatinib in ALL with BCR-ABL1 or ABL1 class fusions (Roberts et al., 2014;
Slayton et al., 2018; Shen et al., 2020). In fact, adding ABL1 inhibitors to a chemotherapy
backbone significantly increased the survival of patients with BCR-ABL1 ALL (Slayton
et al., 2018). ALL can also be derived from the T lymphoid cells, making up for 15-20% of
this leukemia (T-ALL) (Raetz and Teachey, 2016). There is a unique set of leukemogenic
genomic characteristics, such as rearrangement and mutations in transcription factor genes
such as TAL1, TAL2, LMO1, LMO2, MYC, which are not common in B-ALL (Girardi et al.,
2017; Liu et al., 2017). Compared to B-ALL, T-ALL is more aggressive and patients with
T-ALL experienced worse outcomes from chemotherapy (K. Nguyen et al., 2008; McMahon
and Luger, 2019). Particularly, T-ALL becomes even more resistant to chemotherapy upon
relapse, and the majority of patients with relapsed T-ALL eventually succumb to drugresistant leukemia (K. Nguyen et al., 2008; McMahon and Luger, 2019). In the absence of
cellular therapy (e.g., CAR-T immunotherapy) (Teachey and Hunger, 2018), there is a great
unmet need for this group of patients and novel therapeutic agents are in urgent demand.
Reverse genetics approaches are widely applied for cancer drug discovery such as
designing molecules that specifically target an essential or oncogenic genomic alteration in
cancer. For instance, genomic abnormalities in NOTCH signaling are prevalent in T-ALL,
and many therapeutic agents such as gamma secretase inhibitors have been developed to
target this signaling pathway (Palomero and Ferrando, 2009; Sarmento and Barata, 2011)).
However, the on-target toxicities significantly slowed down the clinical development for
this type of therapy (Doody et al., 2013; Takebe, D. Nguyen, and S. X. Yang, 2014). Given
the highly complex somatic genomic profile in T-ALL, more than one genomic alteration
may account for any given drug resistance mechanism. In addition to NOTCH signaling in
T-ALL, many other clinical examples exist where targeted agents showed no effects even
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when the exact molecular targets were found in patients (Le Tourneau et al., 2015; Sicklick
et al., 2019). Conversely, forward genetics employs phenotypes such as drug sensitivity to
pinpoint the biological mechanism (Letai, 2017). Using forward genetic approaches, we
seek to identify drug-sensitive T-ALLs and unravel sensitivity mechanisms.
Dasatinib is developed as a second generation ABL1 inhibitor and has been approved
for treating BCR-ABL1 positive CML and B-ALL (Kantarjian et al., 2006). Compared to other
ABL1 inhibitors such as imatinib and nilotinib, dasatinib has a wider spectrum of targets
including SRC family kinases and KIT (Greuber et al., 2013) There is a distinct possibility
that dasatinib might benefit more cancers other than ABL1-driven leukemias. A number of
recent studies have independently described that dasatinib showed therapeutic effect in TALL, pointing to LCK as a putative therapeutic target (Yuzhe et al., 2020; Serafin et al., 2017;
Laukkanen et al., 2017). Nevertheless, the biological basis of dasatinib sensitivity in T-ALL
remained unclear, and a systematic way to examine the regulators for dasatinib sensitivity
is in great need. By performing pharmacotyping assay in which primary samples of 354
ALL cases were tested for their sensitivity to many anti-leukemia agents, we discovered
44.4% pediatric and 16.7% adult T-ALLs with high dasatinib sensitivity (Gocho et al., 2021).
Interestingly, none of these T-ALLs harbored BCR-ABL1 or ABL class fusions, indicating a
non-ABL1 dependent sensitivity mechanism. Using Bayesian network-based analysis (Du
et al., 2018), we identified LCK-preTCR signaling as the driver for dasatinb sensitivity in TALL (Gocho et al., 2021). As a highly proliferative signaling pathway, LCK-preTCR signaling
plays a critical role in T-cell differentiation. Notably, TCF7-SPI1 fusion was exclusively and
recurrently observed in dasatinib-sensitive cases, pointing to a T-cell differentiation-related
drug sensitivity mechanism. Since T-ALL can arise from different development stages, intratumor heterogeneity often occurs following clonal expansion, particularly early precursor
T-cell and other later stages which rely on BCL2 and LCK signaling, respectively.
Dasatinib is an approved drug for BCR-ABL1 positive CML and ALLs. Multiple
pharmacokinetic (PK) and pharmacodynamic (PD) studies have been performed to describe
the exposure-response relationship of dasatinib in patients and xenograft mouse models
using BCR-ABL1 or other oncoproteins as the biomarkers (Luo et al., 2006; Aplenc et al.,
2011; Broniscer et al., 2013; Zwaan et al., 2013; Ishida et al., 2016). Our ex vivo drug
sensitivity screening has identified a substantial population of T-ALLs with dasatinib
sensitivity (Gocho et al., 2021). It’s attractive to pre-clinically evaluate the PK and PD
profiles of dasatinib in T-ALL using LCK phosphorylation as a possible biomarker. This will
predict the optimal dosage for dasatinib in patients with LCK-activated T-ALL and guide
future clinical trials. Here we aim to systematically characterize the PK and PD profiles
of dasatinib using a T-ALL patient-derived xenograft model and LCK phosphorylation as
biomarker. By performing PK and PD modeling, we will predict and optimize the dosage
that’s suitable for patients with T-ALL that can deliver sufficient T-ALL inhibition effect.
Although showing promising anti-leukemia efficacy in T-ALL, dasatinib as a small
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molecule inhibitor exerts reversible effects on its targets due to its occupancy-driven mechanism, and it requires continuous dosing to maintain the inhibitory effect (Pettersson and
Crews, 2019). Therefore, it’s important to develop more efficient and sustained approaches
to therapeutically target LCK in T-ALL. Proteolysis Targeting Chimeras (PROTACs) are a
type of molecule designed for targeted protein degradation (Pettersson and Crews, 2019;
Békés, Langley, and Crews, 2022). Comprised of a target protein ligand, an E3 ligase ligand,
and a linker, bifunctional PROTAC molecules bring the target protein to the proximity of
E3 ligase where PROTACs hijack the ubiquitinating function of E3 ligase, resulting in target
protein ubiquitination and proteasomal degradation (Pettersson and Crews, 2019; Békés,
Langley, and Crews, 2022). After the degradation of the target protein, PROTAC molecule
can be released and proceed to induce proteolysis of another target (Bondeson and Crews,
2017; Békés, Langley, and Crews, 2022), producing a super-stoichiometric therapeutic effect.
As a well-studied E3 ligase, CRL4 is a popular target for PROTAC designing, which
harbors a substrate binding domain called cereblon. Due to the drug-like properties of
cereblon binders such as lenalidomide and thalidomide (also known as immunomodulatory
imide drugs [IMiDs]) (Lu et al., 2015; Winter et al., 2015; Bondeson, Mares, et al., 2015;
Holstein, Hillengass, and McCarthy, 2018; Chamberlain et al., 2019), cereblon became
one of the most well-studied methods for PROTAC development. However, IMiD-based
PROTACs are easily hydrolyzed, which can largely affect their activity. To solve this
issue, we collaborated with the Chemical Biology & Therapeutics department at St. Jude
Children’s Research Hospital and developed phenyl-glutarimide (PG) as a new cereblon
binder to achieve higher chemical stability, smaller size, lower polarity, greater binding
efficiency, etc (Min et al., 2021). We aim to develop PG-based PROTACs using dasatinib as
the LCK binder.

1.2

Specific Aims

Based on the background information above, we made the following hypothesis:
Firstly, given that LCK-preTCR signaling is highly activated in dasatinib-sensitive
T-ALLs, we hypothesize that dasatinib inhibits T-ALL by suppressing LCK. Secondly,
because LCK-preTCR signaling is associated with T-cell differentiation, we hypothesize
that T-ALL maturation stage is associated with dasatinib sensitivity. Lastly, we hypothesize
that the intra-tumor heterogeneity widely exists in T-ALL and can be better inhibited by
combination therapies of BCL2 and LCK inhibitors.
Because dasatinib has been approved for BCR-ABL1 leukemias and showed promising anti-T-ALL efficacy in pre-clinical models. We hypothesize that dasatinib can exert
similar effect in patients with T-ALL by inhibiting LCK, and it’s feasible to optimize the
dosage of dasatinib by pre-clinical PK and PD modeling.
Since PG is a novel cereblon binder with better biochemical properties than conventional IMiD molecules. We hypothesize that PG-based PROTACs using dasatinib as the LCK
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ligand can exert higher LCK targeting efficiency. Because PROTACs can be recycled after
the target protein gets degraded, we hypothesize that our PG-based PROTAC will showed
a prolonged LCK inhibition effect, which translates into a longer-lasting anti-leukemia
efficacy.
To address the hypothesis above, we proposed the following specific aims
1. To elucidate the mechanisms of dasatinib sensitivity in T-ALL. Using functional
biology assays, we assessed the effects of dasatinib on LCK activity; we determined if T cell
differentiation stage is associated with LCK activation and dasatinib sensitivity; finally, we
characterized the intra-leukemia heterogeneity in T-ALL and explored the biological basis
of differential dasatinib response.
2. To optimize the dosage of dasatinib for patients with T-ALL. We used T-ALL
PDX models to measure dasatinib exposure and LCK phosphorylation level after dasatinib
administration. We then modeled the exposure to response relationship and predicted the
optimized dosage for patients with T-ALL.
3. To develop novel therapeutic approach for LCK targeting in T-ALL. We designed,
synthesized, and screened a set of PG-based PROTACs to therapeutically degrade LCK in
T-ALL. We performed biological and pre-clinical characterizations for the LCK-targeting
PROTACs and determined if these LCK degraders exhibited superior anti-leukemia activity
than dasatinib in T-ALL.

5

Chapter 2
Materials and Methods

2.1

Sample Collection for Pharmacokinetic Profiling

NOD.Cg-Prkdcscid Il2rgtm1Wjl /SzJ (NSG) mice were used for pharmacokinetic profiling. All
animal studies were approved by the Institutional Animal Care and Use Committee of St.
Jude Children’s Research Hospital. For pharmacokinetic profiling of dasatinib described
in Chapter 4, NSG mice were divided into different groups for different timepoints (three
mice per group). One dose of dasatinib (20 and 40 mg/kg) was given to NSG mice that
are between 8 and 12 weeks old via oral gavage. Peripheral blood was collected through
retro-orbital bleeding. Plasma was isolated by centrifugation and stored at -80°C prior to
LC-MS quantification.
For pharmacokinetic profiling of PROTAC SJ11646 in Chapter 5, primary T-ALL cells
were injected into female NSG mice (8-12 weeks old) and leukemia burden in peripheral
blood was monitored by flow cytometry. After blast% reached >70% in peripheral blood,
tumor bearing mice were given one single dose of dasatinib (10 mg/kg) or SJ11646 (15
mg/kg) via intraperitoneal injection. At each timepoint, three mice from each treatment
group were euthanized, peripheral blood was collected to determine drug exposure.

2.2

Measure the Plasma Concentration of Dasatinib and PROTAC

PK assessment was performed with LC-MS/MS. A Waters Acquity I class UPLC system
(Waters) with binary pump, integrated degasser, column oven and autosampler was used.
An acquity UPLC HSS T3 C18 analytical column (1.8 µm, 100 Å, 2.1 x 50 mm, Waters,
Catalog #186003538) was installed in the 60°C tempered column oven. The mobile phases
used were water containing 0.1% formic acid (solvent A1) and acetonitrile containing 0.1%
formic acid (solvent B1) with a gradient of 0-0.4min, B% 5-5%; 0.4-1.1min, B% 5-95%; 1.11.8min, B% 95-95%; 1.8-1.95min, B% 95-5%; and 1.95-2.0min, B% 5-5%. The flow rate was
0.7 mL/min. The injection volume of 4µL were used in a partial-loop with needle overfill
(PLNO) mode. The analytes and internal standard were monitored using an AB SCIEX 6500
triple-quadrupole mass-spectrometric detector (AB Sciex) equipped with an electrospray
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ion (Turbo Ionspray) interface. The source/gas conditions were as follow: ion spray voltage
5.5 kV, temperature 500°C, curtain gas 30, Ion source gas 1 (GS1) 50, and gas 2 (GS2) 55. The
multiple reaction monitoring (MRM) transitions, m/z 746.01→401 for SJ11646, 488.01→401
for Dasatinib, 309.04→251.1 for warfarin (IS), were chosen to achieve high selectivity in
the simultaneous analyses. The optimized decluttering potential (DP), entrance potential
(EP), collision energy (CE), collision cell exit potential (CXP) were set at 80, 10, 60, 14 for
SJ11646; 100, 10, 42, 21 for Dasatinib; and 60, 10, 28, 13 for warfarin. Data were analyzed
using SCIEX Analyst™ software (versions 1.6.3).

2.3

Sample Collection for Pharmacodynamic Profiling

For pharmacokinetic profiling of dasatinib described in Chapter 4, T-ALL primary blasts
were inoculated into NSG mice (8-12 weeks old) via tail vein injection. Leukemia burden
in peripheral blood was monitored weekly by flow-cytometry. After the human blast
percentage reaches 70%, one dose of dasatinib (20 or 40 mg/kg) was given to each tumor
bearing mouse though oral gavage. At each time point, bone marrow cells were collected
from dasatinib-treated mice and total protein was harvested for pharmacodynamic profiling.
For pharmacokinetic profiling of PROTAC SJ11646 in Chapter 5, primary T-ALL cells
were injected into female NSG mice (8-12 weeks old) and leukemia burden in peripheral
blood was monitored by flow cytometry. After blast% reached >70% in peripheral blood,
tumor bearing mice were given one single dose of dasatinib (10 mg/kg) or SJ11646 (15
mg/kg) via intraperitoneal injection. At each timepoint, three mice from each treatment
group were euthanized, bone marrow cells were collected for protein extraction. Western
blotting was used for protein quantification.

2.4

Measure LCK and Phospho-LCK Level by Western Blotting

Bone marrow cell pellets were lysed with RIPA lysis and extraction buffer (Thermo Scientific,
#89901) supplemented with protease and phosphatase inhibitor cocktail (Thermo Scientific,
#78440). Protein lysates were incubated on ice with gentle shaking for 15 minutes before
being centrifuged at 4°C/15,000 rpm for 15 minutes. Supernatants were transferred into new
centrifuge tubes and equal volume of 2-mercaptoethanol (Bio-Rad, #1610710) supplemented
2x laemmli sample buffer (Bio-Rad, #1610737) was added to protein lysate. Protein samples
were heated at 99°C before being stored at -20°C freezer or western blotting. Equal amounts
of protein samples were run on precast 4–15% Tris-glycine Mini-PROTEAN TGX gels (BioRad, # 4561086). Resolved proteins were transferred onto Immobilon-FL PVDF membranes
(Millipore, #IPFL00010). The membranes were blocked with Intercept® (TBS) blocking
buffer (LI-COR, #927-60001) for one hour at room temperature. The membranes were then
probed with primary antibodies at an optimal concentration in the same blocking buffer
supplemented with 0.2% Tween 20 (Fisher BioReagents, #BP337-500) overnight at 4°C. The
membranes were washed with TBST three times (10 minutes each time on a shaker) and
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incubated with the IRDye® 800CW goat anti-rabbit and goat anti-mouse IgG secondary
antibodies (LI-COR, #926-32211 and 926-32210) at room temperature for 2 hours. Excessive
antibodies were washed with TBST and the membranes were exposed in LI-COR Odyssey
imaging system. Immunoblotting data were analyzed with Image Studio software (lite
version 5.2).

2.5

Pharmacokinetic and Pharmacodynamic Modeling

For dasatinib and PROTAC SJ11646 pharmacokinetic modeling (Chapter 4 and 5), a nonlinear mixed effects modeling analysis was performed with Monolix (version 5.1.0) using the
Stochastic Approximation Expectation-Maximization (SAEM) method. A one-compartment
PK model with first-order absorption and linear elimination was used to model dasatinib.
The pharmacokinetic parameters estimated included: ka (1/hrs), the absorption rate constant; ke (1/hrs), the elimination rate constant; and V/f (ml/kg), apparent volume. The
parameter “f” is the unknown bioavailability of dasatinib. The inter-individual variability of
the parameters was assumed to be log-normally distributed. A proportional residual error
model was used with assumed normal distribution of the residuals. The median and 90th
percent prediction interval for AUC0->24hr , AUC0->infinity , Cmax , Tmax , t1/2 , and Clearance
were estimated using n=100 sets of pharmacokinetic parameters randomly sampled from
the population pharmacokinetic parameter distribution.
The dynamics of pLCK in the presence of dasatinib or the PROTAC (SJ11646) are
modeled with an indirect response model where the drug de-phosphorylates LCK. Specifically, the rate constant describing de-phosphorylation in the following model (koff ) is an
increasing function of the drug concentration. The effect of dasatinib or SJ11646 concentration (C: determined using the above PK model) is described by the saturable Hill function
where EMAX is the maximum effect, EC50 is the concentration that causes a 50% of maximum
effect, and n is the Hill coefficient that quantifies the steepness of the Hill function. The
PD model parameters were estimating with maximum likelihood estimation using a naive
pooled data approach by first estimating the PK model parameters, then fixing these PK
parameters and then estimating the PD parameters.
For the PK and PD simulation of steady state after a 7-day treatment, A onecompartment model with 1st-order absorption was used to quantify these data. The
human pharmacokinetics used in the simulations are from our published data from SJBG09
(Broniscer et al., 2013). A two-compartment model with 1st-order absorption was used to
quantify these data. The dynamics of pBCR-ABL1 were simulated using the model and
parameters defined in previous report (Luo et al., 2006). An indirect response model where
the drug inhibits the formation of pBCR-ABL. These pharmacodynamic parameters were
used from both the mouse and human simulations.
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LCK PROTAC Synthesis (Chapter 5)

Unless specified, reagents and solvents were obtained from commercial suppliers and
used without purification. Reactions were typically set up under air and carried out under
nitrogen atmosphere. Thin layer chromatography was performed using either Merck
Millipore silica gel 60G F254 glass plates or Biotage KP-NH plates and visualized with a
254 nm UV lamp for detection. Automated flash column chromatography was carried out
on a Biotage SP1 flash chromatography system using Sfar silica gel, Sfar amino, or SNAP
C18 columns. Evaporation was conducted using a Büchi Rotovapor R-205. NMR spectra
were aquired on either a Bruker 400 MHz or Bruker 500 MHz spectrometer in the solvents
indicated and the spectra were processed using MestReNova (12.0) with chemical shifts
(ppm) referenced to the solvent peak. Signals are designated as: s, singlet; br s, broad singlet;
d, doublet; dd, doublet of doublets; ddd, doublet of doublet of doublets; ddt, doublet of
doublets of triplets; dtd, doublet of triplets of doublets; t, triplet; td, triplet of doublets;
tdt, triplet of doublets of triplets; q, quartet; qd, quartet of doublets; qt, quartet of triplets;
p, pentet; m, multiplet. Coupling constants (J) are in hertz (Hz). Final compound purity
(>95% by UV/ELSD unless specified otherwise) was assessed using UPLC-MS (Acquity
PDA detector, Acquity SQ detector and Acquity UPLC BEH-C18 column 1.7 µm, 2.1 x 50
mm [Waters Corp.]) with mobile phase of 0.1% formic acid in H2O and acetonitrile. High
resolution mass spectral data was obtained using a Waters Xevo G2 QTof mass spectrometer.
Abbreviations used: DIPEA for N,N-diisopropylethylamine, DMF for dimethylformamide, rt for room temperature, TFA for trifluoroacetic acid, BnOH for benzyl alcohol,
DMSO for dimethylsulfoxide, NBS for N-bromosuccinimide, MeCN for acetonitrile, dppf
for 1,1’-ferrocenediyl-bis(diphenylphosphine), THF for tetrahydrofuran, EDC for 1-ethyl-3(3-dimethylaminopropyl)carbodiimide, DMAP for 4-dimethylaminopyridine, MTBE for
methyl tert-butyl ether, FA for formic acid, HATU for 1-[bis(dimethylamino)methylene]-1H1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate, NMM for N-methylmorpholine,
HOAc for acetic acid, TEBAC for triethyl benzyl ammonium chloride, LDA for lithium
diisopropylamide, MeOH for methanol.
Synthesis of IMiD PROTAC (1)
(i) N-(2-chloro-6-methylphenyl)-2-((6-(4-(6-(2-(2-((6-((2-(2,6-dioxopiperidin-3-yl)1,3-dioxoisoindolin-4-yl)amino)-6-oxohexyl)oxy)ethoxy)ethoxy)hexyl)piperazin-1-yl)-2methylpyrimidin-4-yl)amino)thiazole-5-carboxamide (1). A mixture of N-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-6-(2-(2-((6-iodohexyl)oxy)ethoxy)ethoxy)hexanamide
(0.020 g, 0.029 mmol), N-(2-chloro-6-methylphenyl)-2-((2-methyl-6-(piperazin-1-yl)pyrimidin4-yl)amino)thiazole-5-carboxamide (0.026 g, 0.058 mmol) and DIPEA (0.14 mL, 0.82 mmol)
in DMF (1 mL) was stirred at 80°C for 16 h, then was cooled to room temperature. The reaction mixture was concentrated in vacuo and purification using automated amine-bonded
silica gel flash column chromatography (methanol/dichloromethane) was followed by
evaporation giving the title compound as a white solid (0.008 g, 27%). Analytical data were
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consistent with those reported (Lai, A.C. et al. Angew Chem Int Ed Engl. 2016, 55, 807).
HRMS (ESI) for C49H61ClN10O9S [M+H]+ calc’d 1001.4110, obtained 1001.4121.
Synthesis of SJ11646 (2a)
Preparation of 2-((6-(4-(3-aminopropyl)piperazin-1-yl)-2-methylpyrimidin-4-yl)amino)-N-(2-chloro-6-methylphenyl)thiazole-5-carboxamide (8)
(i) tert-butyl(3-(4-(6-((5-((2-chloro-6-methylphenyl)carbamoyl)thiazol-2-yl)amino)2-methylpyrimidin-4-yl)piperazin-1-yl)propyl)carbamate (7). A mixture of 3-(Boc-amino)propyl bromide 6 (0.050 g, 0.21 mmol), N-(2-chloro-6-methylphenyl)-2-((2-methyl-6-(piperazin-1-yl)pyrimidin-4-yl)amino)thiazole-5-carboxamide 4 (0.10 g, 0.23 mmol), potassium
iodide (0.035 g, 0.21 mmol), and N,N-diisopropylethylamine (1.0 mL, 5.9 mmol) in DMF
(3.75 mL) was stirred at 80°C for 3 h. After cooling to room temperature, the reaction
mixture was diluted with brine (10 mL) and extracted into DCM (2 x 15 mL). The combined
organics were dried over sodium sulfate, filtered, and concentrated in vacuo. Purification
using automated silica gel flash column chromatography (methanol/dichloromethane) was
followed by evaporation giving the title compound as a yellow solid (0.075 g, 59%). LC-MS
(ESI) m/z: 601.48 [M+H]+. 1H NMR (500 MHz, Methanol-d4) δ 8.16 (s, 1H), 7.35 (dd, J =
7.5, 2.0 Hz, 1H), 7.29 – 7.18 (m, 2H), 6.04 (s, 1H), 3.74 (s, 4H), 3.13 (t, J = 6.7 Hz, 2H), 2.88 –
2.74 (m, 4H), 2.69 (t, J = 6.9 Hz, 2H), 2.48 (s, 3H), 2.32 (s, 3H), 1.80 (p, J = 6.9 Hz, 2H), 1.44
(s, 9H). 13C NMR (126 MHz, Methanol-d4) δ 166.14, 163.78, 162.86, 161.89, 157.33, 157.27,
140.79, 138.97, 132.95, 132.87, 128.74, 128.16, 126.93, 125.51, 82.68, 78.76, 55.28, 52.06, 42.66,
37.78, 27.36, 25.78, 24.21, 17.33.
(ii) 2-((6-(4-(3-aminopropyl)piperazin-1-yl)-2-methylpyrimidin-4-yl)amino)-N-(2chloro-6-methylphenyl)thiazole-5-carboxamide (8). To 7 (0.075 g, 0.13 mmol) in CH2 Cl2 (5
mL) at room temperature under a nitrogen atmosphere was added TFA (0.48 mL, 6.2 mmol).
The reaction mixture was stirred at room temperature for 2 h, then concentrated in vacuo to
obtain the title compound as an orange oil which was used without purification. LC-MS
(ESI) m/z: 501.40 [M+H]+. 1H NMR (500 MHz, Methanol-d4) δ 8.20 (s, 1H), 7.37 (dd, J =
7.4, 2.1 Hz, 1H), 7.31 – 7.19 (m, 2H), 6.28 (s, 1H), 3.99 (s, 4H), 3.45 (s, 4H), 3.30 (d, J = 9.4 Hz,
2H), 3.07 (t, J = 7.6 Hz, 2H), 2.55 (s, 3H), 2.33 (s, 3H), 2.25 – 2.14 (m, 2H). 13C NMR (126
MHz, Methanol-d4) δ 164.97, 163.82, 162.05, 161.29, 160.47, 156.61, 139.74, 138.93, 132.79,
128.79, 128.28, 126.97, 125.72, 83.37, 53.74, 53.44, 51.20, 41.13, 36.42, 23.40, 21.88, 17.30.
Preparation of 2-(4-(2,6-dioxopiperidin-3-yl)phenoxy)acetic acid (17)
(i) 2,6-bis(benzyloxy)pyridine (10). In two parallel batches, to a solution of BnOH
(47.6 mL, 458 mmol) in DMF (500 mL) was added NaH (24.3 g, 608 mmol) at 0 °C. The
mixture was stirred at 20 °C for 0.5 h then 2,6-dichloropyridine 9 (22.5 g, 152 mmol) was
added to the mixture at 20 °C. The temperature was increased to 80 °C and was stirred for
12 h. After cooling to room temperature the two batches were combined and water (2000
mL) was added to the mixture, then it was filtered and the filter cake was dried in vacuum
to give the title compound as a white solid which was used without purification (87.7 g,
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crude). 1H NMR (400 MHz, DMSO-d6) δ 7.63 (t, J = 7.87 Hz, 1H), 7.50-7.07 (m, 10H), 6.43 (d,
J – 7.87 Hz, 2H), 5.32 (s, 4H).
(ii) 2,6-bis(benzyloxy)-3-bromopyridine (11). In two parallel batches, to a solution
of 10 (45.0 g, 154 mmol) in MeCN (700 mL) was added NBS (16.5 g, 92.7 mmol) at 20 °C.
The reaction mixture was stirred at 80 °C for 12 h, then the two batches were combined.
The mixture was concentrated and the residue was purified by flash silica gel column
chromatography (petroleum ether/ethyl acetate = 1/0 to 5/1) to give the title compound as
a yellow oil (80.0 g, crude).
(iii) 4-(2,6-bis(benzyloxy)pyridin-3-yl)phenol (13). In two parallel batches, to a
solution of 11 (25.0 g, 67.5 mmol) in dioxane (300 mL) and water (30 mL) were added
(4-hydroxyphenyl) boronic acid 12 (18.6 g, 135 mmol), Pd(dppf)Cl2 (4.95 g, 6.76 mmol), and
Cs2 CO3 (44.0 g, 135 mmol) at 20 °C. The reaction mixture was stirred at 80 °C for 12 h under
N2 . After cooling to room temperature the two batches were combined and the mixture
was concentrated. The residue was purified by flash silica gel column chromatography
(petroleum ether/ethyl acetate = 1/0 to 5/1) to give the title compound as a yellow solid
(55.0 g, crude).
(iv) 3-(4-hydroxyphenyl)piperidine-2,6-dione (14). In two parallel batches, to a
mixture of 10% Pd/C (5.00 g, 50% purity) in THF (200 mL) was added 13 (15.0 g, 39.1 mmol)
at 20 °C under N2 atmosphere. The suspension was degassed and purged with H2 five
times, then was stirred under H2 (15 Psi) at 20 °C for 12 h. The two batches were combined
and filtered. The filtrate was concentrated to give the title compound as a white solid (13.0
g, crude). 1H NMR (400 MHz, DMSO-d6) δ 10.76 (s, 1H), 9.30 (s, 1H), 7.14-6.91 (m, 2H),
6.80-6.58 (m, 2H), 3.71 (dd, J = 11.07, 4.94 Hz, 1H), 2.63 (ddd, J = 17.13, 11.44, 5.44 Hz, 1H),
2.49-2.39 (m, 1H), 1.93 - 2.20 (m, 2H).
(v) tert-butyl 2-(4-(2,6-dioxopiperidin-3-yl)phenoxy)acetate (16). In four parallel
batches, to a solution of 14 (3.00 g, 14.6 mmol) in MeCN (60 mL) was added K2 CO3 (4.04 g,
29.2 mmol) and tert-butyl 2-bromoacetate 15 (3.71 g, 19.0 mmol) at 20 °C. The mixture was
stirred at 50 °C for 5 h, then cooled to room temperature and the batches were combined.
The reaction mixture was quenched by water (1000 mL), then it was extracted with ethyl
acetate (3 x 400 mL). The combined organic layers were washed with brine (300 mL), dried
over sodium sulfate, filtered, and concentrated under reduced pressure to give the title
compound as a yellow oil which was used without purification (14.1 g, crude).
(vi) 2-(4-(2,6-dioxopiperidin-3-yl)phenoxy)acetic acid (17). A solution of 16 (14.1
g, 44.2 mmol) in TFA (15 mL) and dichloromethane (150 mL) was stirred at 20 °C for 12 h.
The mixture was concentrated, then it was washed by MTBE (20 mL) and filtered. The filter
cake was dried under reduced pressure to give a residue. The residue was dissolved in
DMSO (10 mL). The suspension was filtered, and the filtrate was purified by prep-HPLC
(column: Phenomenex Luna C18 200 * 40 mm * 10 µM; mobile phase [water (FA)-MeCN];
B%: 5%-30%, 8 min.) to give the title compound as a white solid (3.77 g, 32%). LC-MS (ESI)
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m/z: 264.0 [M+H]+. 1H NMR (400 MHz, DMSO-d6) δ 13.00 (br s, 1H), 10.79 (s, 1H), 7.13 (d,
J = 8.63 Hz, 2H), 6.86 (d, J = 8.63 Hz, 2H), 4.71-4.58 (m, 2H), 3.78 (dd, J = 11.57, 4.94 Hz, 1H),
2.74-2.57 (m, 1H), 2.05-2.41 (m, 1H), 2.24-1.94 (m, 2H).
Preparation of SJ1011646 (2a)
(i) N-(2-chloro-6-methylphenyl)-2-((6-(4-(3-(2-(4-(2,6-dioxopiperidin-3-yl)phenoxy)acetamido)propyl)piperazin-1-yl)-2-methylpyrimidin-4-yl)amino)thiazole-5-carboxamide
(2a). A mixture of 2-(4-(2,6-dioxopiperidin-3-yl)phenoxy)acetic acid 17 (0.039 g, 0.15 mmol),
N,N-diisopropylethylamine (0.10 mL, 0.59 mmol), EDC HCl (0.034 g, 0.18 mmol), DMAP
(0.003 g, 0.022 mmol), and 2-((6-(4-(3-aminopropyl)piperazin-1-yl)-2-methylpyrimidin-4yl)amino)-N-(2-chloro-6-methylphenyl)thiazole-5-carboxamide 8 (0.074 g, 0.15 mmol) was
stirred at room temperature in DMF (3 mL) for 4 h. The reaction mixture was then diluted
with ethyl acetate (15 mL) and washed sequentially with brine (15 mL) and 5% LiCl in water
(15 mL). The organic phase was dried over sodium sulfate, filtered, and concentrated in
vacuo. Purification using automated amine-bonded silica gel flash column chromatography
(methanol/dichloromethane) was followed by evaporation giving the title compound as
a white solid (0.039 g, 35%). HRMS (ESI) for C36 H40 ClN9 O5 S [M+H]+ calc’d 746.2640,
obtained 746.2623. 1H NMR (500 MHz, Methanol-d4) δ 8.16 (s, 1H), 7.37 (dd, J = 7.6, 1.9 Hz,
1H), 7.30 – 7.22 (m, 2H), 7.21 – 7.12 (m, 2H), 7.00 – 6.91 (m, 2H), 5.98 (s, 1H), 4.53 (s, 2H), 3.79
(dd, J = 10.6, 5.5 Hz, 1H), 3.60 (t, J = 5.1 Hz, 4H), 3.40 (t, J = 6.4 Hz, 2H), 2.67 (ddd, J = 17.5,
10.6, 5.8 Hz, 1H), 2.62 – 2.55 (m, 1H), 2.52 (t, J = 5.2 Hz, 4H), 2.49 (s, 3H), 2.45 (t, J = 7.1 Hz,
2H), 2.34 (s, 3H), 2.24 – 2.10 (m, 2H), 1.84 – 1.73 (m, 2H). 13C NMR (126 MHz, Methanol-d4)
δ 175.12, 174.21, 169.68, 166.01, 163.84, 163.27, 161.89, 157.15, 156.94, 140.78, 138.99, 132.96,
132.88, 131.89, 129.44, 128.72, 128.14, 126.92, 125.44, 114.71, 82.58, 67.19, 56.21, 52.48, 43.54,
37.69, 30.85, 26.42, 25.42, 24.21, 17.33.

2.7

In Vitro Sensitivity Profiling of LCK PROTACs Using CTG
Assay (Chapter 5)

For ALL cell line (KOPT-K1, Jurkat and SUP-B15), human CD34+ cells and PBMCs, CTG
(CellTiter-Glo) assay was used to determine their sensitivity to PROTACs. CD34+ cells were
thawed and cultured for 7 days prior to cell viacbility assay. On day 0, cells of ALL cell lines
were collected and resuspended in RPMI1640 supplemented by 10% FBS at the density of
62,500 cells/ml. CD34+ cells were resuspended in DMEM (Gibco, #12430-062) supplemented
with 10% FBS at the density of 250,000 cells/mL and PBMCs were resuspended in DMEM
(10% FBS) at 416,667 cells/ml. For cell lines and PBMCs, 24µL cell suspension was plated on
384-well plates (1,500 cells/well and 10,000 cells/well) and 80µL of CD34+ cell suspension
was plated on 96-well plates (20,000 cells/ml). Drug stock was thawed at room temperature
and working solution was made by serial dilution with corresponding medium and 6 or
20µL drug solution was added to cell suspension in 384- or 96-well plates. Vehicle control
and blank (medium control) were set appropriately. After 3 days incubation at 37°C/5%
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CO2 , 30/100µL of CTG solution (Promega, #G9241) was added to each well of 384-/96-well
plates. Cells were then incubated at room temperature on a shaker for five minutes before
measuring the luminescence.

2.8

Measuring PROTAC-mediated LCK Degradation (Chapter 5)

Untreated and treated cells were harvested and washed once with ice-cold phosphatebuffered saline (Gibco, #10010-023). Cell pellets were lysed with RIPA lysis and extraction
buffer (Thermo Scientific, #89901) supplemented with protease and phosphatase inhibitor
cocktail (Thermo Scientific, #78440). Protein lysates were incubated on ice with gentle
shaking for 15 minutes before being centrifuged at 4°C/15,000 rpm for 15 minutes. Supernatants were transferred into new centrifuge tubes and equal volume of 2-mercaptoethanol
(Bio-Rad, #1610710) supplemented 2x laemmli sample buffer (Bio-Rad, #1610737) was
added to protein lysate. Protein samples were heated at 99°C before being stored at -20°C
freezer or western blotting. Equal amounts of protein samples were run on precast 4–15%
Tris-glycine Mini-PROTEAN TGX gels (Bio-Rad, # 4561086). Resolved proteins were transferred onto Immobilon-FL PVDF membranes (Millipore, #IPFL00010). The membranes were
blocked with Intercept® (TBS) blocking buffer (LI-COR, #927-60001) for one hour at room
temperature. The membranes were then probed with primary antibodies at an optimal
concentration in the same blocking buffer supplemented with 0.2% Tween 20 (Fisher BioReagents, #BP337-500) overnight at 4°C. The membranes were washed with TBST three times
(10 minutes each time on a shaker) and incubated with the IRDye® 800CW goat anti-rabbit
and goat anti-mouse IgG secondary antibodies (LI-COR, #926-32211 and 926-32210) at room
temperature for 2 hours. Excessive antibodies were washed with TBST and the membranes
were exposed in LI-COR Odyssey imaging system. Immunoblotting data were analyzed
with Image Studio software (lite version 5.2).

2.9

Solubility Assay (Chapter 5)

Solubility assays were carried out on a Biomek FX lab automation workstation (Beckman
Coulter, Inc., Fullerton, CA) using µSOL Evolution software (pION Inc., Woburn, MA).
10 µL of 10 mM compound stock (in DMSO) was added to 190 µL 1-propanol to make
a reference stock plate. 5 µL from this reference stock plate were mixed with 70 µL 1propanol and 75 µL DPBS (pH=7.4) to make the reference plate. 6 µL of 10 mM test
compound stock was added to 594 µL DPBS in a 96-well storage plate and mixed. The
storage plate was sealed and incubated at RT for 18 hto allow the compounds to be fully
stable, and then centrifuged at 4000 rpm for 20 minutes at RT. Fractions were collected
from the supernatant and diluted with 1-propanol by 1:1 (v/v). Concentrations in reference
and sample plates were assessed by UPLC-SQDMS technique (Waters; Milford, MA). All
compounds were tested in triplicates. Solubility (mM) were determined via the equation,
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Sol = (Peak AreaSample/3) x C0/ Peak Areareference. C0 is concentration of DMSO stock
solution divided by 100 (Min et al., 2021).

2.10

Liver Microsomes Stability Assay (Chapter 5)

Mouse liver microsomal degradation is determined using multiple time points to monitor
the rate of disappearance of the parent compound during incubation. NADPH regenerating
agent solutions A and B and mouse liver microsomes (CD-1) were obtained from fisher
Scientific (Woburn, MA). Pooled human liver microsomes were purchased from XenoTech
(Lenexa, KS). Ninety-six deep well plates were obtained from Midsci (St. Louis, MO, Catalog
# P-DW-11-C). Ninety-six analytical plates were obtained from Corning Incorporated (Acton,
MA, Catalog #3363). Sample preparation for microsomal stability was modified from Di’s
publications (Di et al., 2006). A set of incubation times of 0, 15, 30, 60, 120, and 240 min
were used. DMSO stock solutions of test compounds and verapamil (system control) were
prepared at the concentration of 10 mM. Concentrated mouse liver microsomes (20mg/mL
protein concentration) and 0.5 M EDTA were diluted into 0.1 M potassium phosphate buffer
(pH7.4) and mixed well, followed by compounds solutions being spiked. This solution was
mixed and 90 µL was transferred to 6-time points plates (each in triplicate wells). For the
time 0 h plate, 3 fold (v:v) cold acetonitrile with internal standard (40 ng/mL warfarin)
was added to each well, followed by addition of NADPH regenerating agent (mixing
NADPH solutions A and B in PBS, pH7.4) and no incubation. For other five time points’
plate, NADPH regenerating agent was added to each well to initiate the reaction, the plate
was incubated at 37° C for designed time point, followed by quenching of the reaction by
adding 3-fold volume of cold acetonitrile with internal standard to each well. The final
concentration of each component applied in this reaction was liver microsome protein at 0.5
mg/mL, EDTA at 1 mM, compound at 10 µM, NADPH A at 1.3 mM, and NADPH B at 0.4
U/mL. All of the plates were sealed and mixed well and were centrifuged at 4000 rpm for 20
min. The supernatants were transferred to analytical plates and diluted by millipore water
appropriately for analysis by LC–MS/MS. Conditions for SCIEX Qtrap UHPLC-MS/MS
system was described separately. The metabolic stability is evaluated via the half-life from
least-squares fit of the multiple time points based on first-order kinetics.

2.11

The Plasma Stability Assay (Chapter 5)

The plasma stability property of early drug discovery compounds can influence the in vivo
efficacy of the test compounds/drugs. Mouse plasma degradation is determined using
multiple time points to monitor the rate of disappearance of the parent compound during
incubation.
Mouse plasma samples were obtained from GeneTex (Irvine, CA). A set of incubation
times of 0, 3, 24, and 48 hours were used. DMSO stock solutions of test compounds were
prepared at 10mM concentration and added directly to mouse plasma to get the final
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concentration of 10 µM. This compound/matrix was mixed and was transferred to 4-time
points plates (each in triplicate wells). For the Time 0 plate, 3-fold volume of cold acetonitrile
with internal standard (40 ng/mL warfarin) was added to each well and no incubation
needed. For other 3 time points’ plate, the plate was incubated at 37° C for required time,
followed by quenching of the reaction by adding cold acetonitrile with internal standard
to each well as the same as time 0. All plates were sealed and mixed well and were
centrifuged at 4000 rpm for 20 min. The supernatants were transferred to analytical plates
and diluted by Millipore water appropriately for analysis by LC–MS/MS. The plasma
stability is evaluated via the half-life from least-squares fit of the multiple time points based
on first-order kinetics.

2.12

PBS Stability Assay (Chapter 5)

The compounds stability in Dulbecco’s phosphate buffered saline (DPBS; pH 7.4, Life
Technologies, Paisley, UK, Catalog #14190-144) was conducted in the same way described
as in plasma stability except that the time points set of incubation of 0, 1, 3, 6, 24, and 48
hours were applied.

2.13

Caco-2 Permeability Assay (Chapter 5)

High throughput Caco-2 permeability was performed using the 96-well Transwell ® 0.4
µm polycarbonate membrane 96-well system with a modified method (Uchida et al., 2009).
Caco-2 cells were maintained at 37°C in a humidified incubator with an atmosphere of 5%
CO2 . The cells were cultured in 75 cm2 flasks with Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 10% fetal bovine serum (FBS), 1% non-essential amino acids (NEAA),
100 units/mL of penicillin, and 100 µg/mL of streptomycin. The Caco-2 cells were seeded
onto inserts at a density of 0.165×105 cells/insert. The medium in the wells were exchanged
every other day, and the trans epithelial electrical resistance (TEER) value was measured
using an automated TEER measurement system (World Precision Instruments inc; Sarasota,
FL). Caco-2 cells were grown for 7 days to reach consistent TEER values.
For transport experiments, each cultured monolayer on the 96-well plate was washed
twice with a transport buffer (10 mM HBSS/25mM HEPES, pH 7.4). The permeability assay
was initiated by the addition of each compound solution (10 µmol/L) into inserts (apical
side, A) or receivers (basolateral side, B). Caco-2 cell monolayers were incubated for 2
h at 37°C. Fractions were collected from receivers (if apical to basal permeability; A→B)
or inserts (if basal to apical permeability; B→A), and concentrations were assessed by
UPLC/MS (Waters; Milford, MA). All compounds were tested in triplicates.
The A→B (or B→A) apparent permeability coefficients (Pappa, cm/s) of each compound were calculated using the equation, Papp=dQ/dt×1/AC0. The flux of a drug across
the monolayer is dQ/dt (µmol/s). The initial drug concentration on the apical side is C0
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(µmol/L). The surface area of the monolayer is A (cm2). The efflux ratio was determined by
dividing the Papp in the B→A direction by the Papp in the A→B direction. An efflux ratio
>2 suggested that a given substrate was actively transported across the membrane.

2.14

UPLC/MS/UV System (Chapter 5)

LC-MS chromasolv grade acetonitrile (ACN) was purchased from Fisher Scientific (Catalog
#A955-4). LC-MS chromasolv grade formic acid was obtained from Sigma-Aldrich (Catalog
# FX0440-7). Milli-Q water as an ultrapure laboratory grade water was used in aqueous
mobile phase.
Chromatographic separation was performed on an Acquity ultra performance liquid
chromatography system coupled to an SQ mass spectrometer. Data were acquired using
Masslynx v. 4.1 and analyzed using the Quanlynx software suite. The total flow rate was
1.0 mL/min. The sample injection volume was 10µL. The UPLC column was maintained at
63°C. Samples were separated on the Acquity UPLC BEH C18 1.7 µm, 2.1 x 50 mm column
(Waters, Catalog #186002350) under acidic mobile phases, (solvent A was 0.1% formic acid
in MilliQ H2O and solvent B was 0.1% formic acid in acetonitrile) with a gradient of 0-0.2
min, B% 10-30%; 0.2-1.6 min, B% 30-95%; 1.6-1.95min, B% 95-95%; 1.95-2min, B% 95-10%.
The mass spectrometer was operated in positive-ion mode with electrospray ionization. The
conditions were as follows: capillary voltage 3.4 kV, cone voltage 30 V, source temperature
130°C, desolvation temperature 400°C, desolvation gas 800 L/hour, cone gas 100 L/hour. A
full scan ranging from m/z = 110-1000 in 0.2s was used to acquire MS data. A single ion
recording mass spectrometry for each compound was used to determine the quantification
of the samples.

2.15

UHPLC-MS/MS System (Chapter 5)

Chromatographic separation was performed on an Acquity UPLC BEH C18 1.7 µm, 2.1 x 50
mm column (Waters, Catalog #186002350) using a Sciex ExionLC™ with 6500+ Qtrap system.
Data were acquired using Analyst v 1.7 and analyzed using the OS software suite. The
UPLC column was maintained at 55°C. Mobile phase A was 0.1% formic acid in MilliQ H2O
and solvent B was 0.1% formic acid in ACN. The flow rate was 0.9 mL/min with a gradient
of 0-0.2min, B% 1-1%; 0.2-0.5min, B% 1-50%; 0.5-1.6min, B% 50-95%; 1.6-1.95min, B% 9595%; 1.95-1.96min, B% 95-1%; and 1.96-2.2min, B% 1-1%. The sample injection volume was 2
µL. The mass spectrometer was operated in positive-ion mode with electrospray ionization.
The conditions were as follow: ion spray voltage 5 kV, temperature 500°C, curtain gas with
a low collision gas, both gas 1 and gas 2 were 60. MRM mode for each compound was
automatically optimized using DiscoveryQuant™ Software. The parent ion of [M+H]+ and
the most intensified fragment ion were monitored for the quantification of the samples.
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2.16 Cell Lines and Chemicals (Excluding PROTACs) (Chapter 5)
hTERT MSCs (Mesenchymal Stem Cell, ABM, #T0529) were maintained in MSC culture
medium made of made from RPMI-1640 (Gibco, #11875093), 10% heat inactivated fetal
bovine serum (Gibco, #10082-147) and 1µM Hydrocortisone (Sigma, #H0396); ALL cell lines
Jurkat, KOPT-K1 and SUP-B15 were maintained in RPMI1640 supplemented with 10% FBS
(Hyclone, #SH3008003). CD34+ cells (Stemcell, # 70008.2) were maintained in StemSpan
SFEM II medium (Stemcell, #09655) supplemented with the StemSpan CD34+ expansion
supplement (Stemcell, #02691). Human peripheral blood mononuclear cells were isolated
by Ficoll-Paque density gradient centrifugation from apheresis rings obtained from donors
of B-ALL remission. The donors provided informed consent for the research use of leftover
specimens, which was approved by the Institutional Review Board of St Jude Children’s
Research Hospital. All cells were incubated at 37°C with 5% CO2 .
Dasatinib for in vitro assay was purchased from selleckchem (#S1021) and stored in
DMSO at 10mM concentration at -80°C. Lenalidomide was purchased from Combi-Blocks
(#OR-2352) and stored in DMSO at 10mM concentration at -20°C.

2.17 In Vitro Wash-out Assay (Chapter 5)
KOPT-K1 cells were cultured with medium (RPMI1640 + 10% FBS) containing vehicle
control, dasatinib or SJ11646 at 100nM for 18 hours. To remove drug, cells were centrifuged
twice and resuspended with PBS. Cells were then cultured in drug-free medium and cell
growth was monitored by an automatic cell counter daily.

2.18

PDX and Ex Vivo Drug Sensitivity Assay (Chapter 5)

PDXs were developed for 10 T-ALL cases, using the NSG mice. Cases were selected
solely based on whether sufficient material was available for xenografting. All animal
studies were approved by the Institutional Animal Care and Use Committee of St. Jude
Children’s Research Hospital. For each case, primary human leukemia cells were injected
into female NSG mice between 8-12 weeks of age through tail vein (2 million cells/mouse,
resuspended in 200µL sterile PBS). Health status of all injected mice were monitored
every day. Starting from two weeks after injection, peripheral blood was obtained by
retro-orbital bleeding and subjected to flow cytometry to determine the level of human
leukemia (humanCD45 and humanCD7 double positive) every other week. Mice were
euthanized when leukemia reached 75% in blood, or they became moribund. Upon sacrifice,
human leukemia cells were harvested from spleen and bone marrow and enriched by
negative selection using immunomagnetic isolation kit (Stemcell, #19849). Drug response of
primary human leukemia cells was evaluated using a co-culture system and high-contentimaging. hTERT-immortalized mesenchymal stem cells were first seeded in a 384-well plate
(PerkinElmer, #6057308) at a density of 2,500 cells per well in 25µL of MSC medium 24
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hours prior PDX sample preparation. After 24 hours, MSC medium was removed, and
wells were washed with AIM V medium (Gibco, #12055-083). Sorted leukemia cells were
added at 25,000 cells per well to the stromal cell layer in 40 µL AIM-V medium along
with 10 µL of drug solution prepared in the same medium. Triplications were included for
each drug concentration/combination. After 96 h incubation at 37°C with 5% CO2 , cells
were harvested and stained with CyQUANT direct cell proliferation assay stain (Invitrogen,
#C35011). After 15-30 minutes of incubation at 37°C with 5% CO2 , the assay plate was placed
in the high-content-imaging analysis system (PerkinElmer Operetta CLS, #HH16000000).
Cell viability data were analyzed by Harmony high-content imaging and analysis software
(version 4.9).

2.19

Kd Estimation and Kinome Scan (Chapter 5)

To perform Kd estimation and kinome scan assay, kinase-tagged T7 phage strains were
grown in parallel in 24-well blocks in an E. coli host derived from the BL21 strain. E. coli were
grown to log-phase and infected with T7 phage from a frozen stock (multiplicity of infection
= 0.4) and incubated with shaking at 32°C until lysis (90-150 minutes). The lysates were
centrifuged (6,000 x g) and filtered (0.2µm) to remove cell debris. The remaining kinases
were produced in HEK-293 cells and subsequently tagged with DNA for qPCR detection.
Streptavidin-coated magnetic beads were treated with biotinylated small molecule ligands
for 30 minutes at room temperature to generate affinity resins for kinase assays. The
liganded beads were blocked with excess biotin and washed with blocking buffer (SeaBlock
[Pierce], 1% BSA, 0.05% Tween 20, 1 mM DTT) to remove unbound ligand and to reduce
non-specific phage binding. Binding reactions were assembled by combining kinases,
liganded affinity beads, and test compounds in 1x binding buffer (20% SeaBlock, 0.17x PBS,
0.05% Tween 20, 6 mM DTT).
For Kd estimation, dasatinib and SJ11646 were prepared as 111X stocks (33.3µM)
in 100% DMSO. Kds were determined using an 11-point 3-fold compound dilution series
with three DMSO control points. Both compounds for Kd measurements are distributed
by acoustic transfer (non-contact dispensing) in 100% DMSO. The compounds were then
diluted directly into the assays such that the final concentration of DMSO was 0.9%. All
reactions performed in polypropylene 384-well plate. Each was a final volume of 0.02
ml. The assay plates were incubated at room temperature with shaking for 1 hour and
the affinity beads were washed with wash buffer (1x PBS, 0.05% Tween 20). The beads
were then re-suspended in elution buffer (1x PBS, 0.05% Tween 20, 0.5 µM nonbiotinylated
affinity ligand) and incubated at room temperature with shaking for 30 minutes. The kinase
concentration in the eluates was measured by qPCR.
For Kinome scan, dasatinib and SJ11646 were prepared as 40x stocks (100µM) in 100%
DMSO and directly diluted into the assay. All reactions were performed in polypropylene
384-well plates in a final volume of 0.02 ml. The assay plates were incubated at room
temperature with shaking for 1 hour and the affinity beads were washed with wash buffer
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(1x PBS, 0.05% Tween 20). The beads were then re-suspended in elution buffer (1x PBS, 0.05%
Tween 20, 0.5 µM non-biotinylated affinity ligand) and incubated at room temperature with
shaking for 30 minutes. The kinase concentration in the eluates was measured by qPCR.

2.20

AlphaLISA Assay (LCK-CRBN/DDB1) (Chapter 5)

His-tagged CRBN-DDB1 protein was prepared following the published procedure (Matyskiela
et al., 2016), and GST-tagged LCK (1–509) protein was acquired from GeneTex. The assay
mixture contained 240 nM His-tagged CRBN-DDB1, 60 nM GST-tagged LCK (1–509), 20
µg/mL nickel chelate AlphaLISA acceptor, and glutathione donor beads (PerkinElmer, #
6765300) and serially diluted test compounds in a buffer comprising 25 mM HEPES, pH 7.4,
100 mM NaCl, 0.1% BSA, 0.05% tween20, and 0.005% proclin-300. A 96-well plate containing
5× test compound, 5× His-tagged CRBN/DDB1, and 5× GST-tagged LCK was incubated
at rt for 1 h. After the incubation, 5 µL of the solution was transferred to a 384-well white
AlphaPlate (PerkinElmer) in duplicate followed by 10 µL nickel chelate AlphaLISA acceptor
(1:100) and 10 µL glutathione donor beads (1:100). The plate was sealed and mixed on a
MixMate (Eppendorf) for 60 min at room tempaerature and then luminescence detection
was collected on an Envision plate reader (PerkinElmer).

2.21

TMT-based Proteomic Profiling (Chapter 5)

Approximately 1mg quantified protein samples in the lysis buffer with 8 M urea for each
TMT channel were digested first with Lys-C (Wako, 1:100 w/w) at 21°C for 3 h, then diluted
4-fold to reduce urea to 2 M for trypsin digestion (Promega, 1:50 w/w) at 21°C overnight.
Reduction and alkylation were carried out by adding DTT and IAA. Trifluoroacetic acid
was added to 1.5% to acidify the solution and precipitate lipids. After centrifugation, the
supernatant was desalted with the Ultra-micro spin c18 column (Harvard apparatus), and
then dried by Speedvac. Each sample was resuspended in 50 mM HEPES (pH 8.5) for
TMT labeling, and then mixed equally. The reaction was then quenched by addition of 5%
hydroxylamine and desalted using the Sep-Pak C18 cartridge (Waters).
The TMT labeled samples were fractionated by offline basic pH reverse phase LC,
and each of these fractions was analyzed by the acidic pH reverse phase LC-MS/MS (H.
Wang et al., 2015). 80 fractions were collected by offline basic LC (3 hr gradient on a XBridge
C18 column, 3.5 µm particle size, 4.6 mm x 25 cm, Waters; buffer A: 10 mM ammonium
formate, pH 8.0; buffer B: 95% acetonitrile, 10 mM ammonium formate, pH 8.0), and then
concatenated into 40 fractions (Bai et al., 2017).
For acidic pH LC-MS/MS analysis, each fraction was run sequentially on a ConAnn
C18 column (75 µm x 20 cm, 1.7 µm particle size, 65°C to reduce backpressure) interfaced
with an Q Exactive HF Orbitrap MS (Thermo Fisher). Peptides were eluted by a 90 min
gradient (buffer A: 0.2% formic acid, 5% DMSO; buffer B: 67% acetonitrile, 0.2% formic
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acid, 5% DMSO). MS settings included the MS1 scan (450-1600 m/z, 60,000 resolution, 1
× 106 AGC and 50 ms maximal ion time) and 20 data-dependent MS2 scans (fixed first
mass of 120 m/z, 60,000 resolution, 1 × 105 AGC, 105 ms maximal ion time, HCD, 32%
normalized collision energy, 1.0 m/z isolation window with 0.2 m/z offset, and ≈15 s
dynamic exclusion).
The identification was performed with the in-house JUMP search engine for improved sensitivity and specificity (X. Wang et al., 2014). Major parameters included precursor and product ion mass tolerance (±15 ppm), full trypticity, static mass shift for the
TMT tags (+304.20714) and carbamidomethyl modification of 57.02146 on cysteine, dynamic
mass shift for Met oxidation (+15.99491), maximal missed cleavage n = 2, and maximal
modification sites n = 3. Putative PSMs were filtered by mass accuracy and then grouped
by precursor ion charge state and filtered by JUMP-based matching scores (Jscore and ΔJn)
to reduce FDR below 1% for proteins during the whole proteome analysis.

2.22 In Vivo Efficacy Evaluation (Chapter 5)
For in vivo efficacy evaluation of SJ11646, primary human T-ALL cells from each case were
injected into female NSG mice between 8-12 weeks of age through tail vein (2 million
cells/mouse, resuspended in 200µL sterile PBS). Health status of all injected mice were
monitored every day. SJ11646 or dasatinib was given to T-ALL bearing NSG mice starting
at three days post injection. SJ11646 was dissolved in 5% NMP + 40% PEG400 + 5% Solutol
HS-15 + 0.5% polyvinyl alcohol (50%) + 49.5% saline; Dasatinib (LC Laboratories, #D-3307)
was dissolved in 4% DMSO + 30% PEG300 + 5% Tween 80 + 61%. SJ11646 and dasatinib
were administrated once daily through intraperitoneal injection at 15 mg/kg and 10 mg/kg,
respectively. Starting from two weeks after injection, peripheral blood was obtained by
retro-orbital bleeding and subjected to flow cytometry to determine the level of human
leukemia (humanCD45 and humanCD7 double positive) weekly. Mice with human blast
percentage over 75% in blood or sign of moribund were considered lethal in survival
analysis and euthanized.

2.23

Statistical Analysis (Chapter 5)

All statistical tests were two-sided and were chosen according to data distribution as
described wherever appropriate; the threshold for statistical significance was defined as P <
0.05.
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Chapter 3
LCK-preTCR Is a Therapeutic Vulnerability in T-ALL1

3.1

Introduction

ALL is a type of hematopoietic cancer that’s derived from lymphoid progenitors. Based on
the lineage, it can be divided into B-cell and T-cell ALL. Thanks to risk-adapted chemotherapy, the survival rate of this disease has dramatically increased to 90% (Pui et al., 2015).
Patients with B-ALL generally respond well to conventional chemotherapy, and targeted
therapies have been proven successful in B-ALLs. For example, ABL1 inhibitors imatinib
and dasatinib exhibited promising effectiveness in BCR-ABL1 positive B-ALLs (Slayton
et al., 2018; Shen et al., 2020). In fact, dasatinib in combination with chemotherapy showed
dramatically improved therapeutic effects in patients with BCR-ABL1 B-ALL (Slayton et al.,
2018), which resulted in significant improvement in survival. On the contrary, T-ALL is
more aggressive compared to B-ALL, and patients with T-ALL often show inferior response
to chemotherapies (K. Nguyen et al., 2008; McMahon and Luger, 2019). Upon relapse,
T-ALL becomes even more refractory and more likely to be resistant to chemotherapy
(K. Nguyen et al., 2008; McMahon and Luger, 2019). Other therapies (such as CAR-T
immunotherapy) are also found challenging for T-ALL (Teachey and Hunger, 2018). Hence,
there is a great need to develop targeted therapies for this type of cancer.
By applying reverse genetics approach, researchers started with genetic abnormalities
and discovered frequent mutations on NOTCH1 and FBXW7, resulting in constitutive
activation of NOTCH1 signaling in T-ALL (Palomero and Ferrando, 2009; Sarmento and
Barata, 2011). Based on this, a group of targeted therapies called gamma secretase inhibitors
were developed to target this signaling pathway. However, this targeted therapy has been
proven clinically challenging due to the on-target toxicities (Doody et al., 2013; Takebe, D.
Nguyen, and S. X. Yang, 2014). Following another route, forward genetics takes phenotypes
(i.e., drug sensitivity) as the starting point and elucidates the biological mechanisms of
each phenotype (Le Tourneau et al., 2015). Our research team has recently established
1 Modified

from final submission with permission. Gocho, Y.* , Liu, J.* , Hu, J.* et al. Network-based systems
pharmacology reveals heterogeneity in LCK and BCL2 signaling and therapeutic sensitivity of T-cell acute
lymphoblastic leukemia. Nat Cancer 2, 284–299 (2021). (* Co-first author). https://doi.org/10.1038/s43018-02000167-4.

Chapter 3. LCK-preTCR Is a Therapeutic Vulnerability in T-ALL

21

an ex vivo drug sensitivity screening called pharmacotyping, in which we broadly tested
drug sensitivity to many anti-leukemia agents in primary ALL samples. After screening
for 352 ALL cases (307 B-ALL and 45 T-ALL), we identified a subset of T-ALL cases with
exquisite sensitivity to dasatinib (Gocho et al., 2021). Importantly, none of these T-ALL
samples harbor BCR-ABL1 or ABL-class fusions, suggesting an ABL-independent sensitivity
mechanism. In this chapter, we employed a network-based algorithm and identified
preTCR-LCK signaling as a driver for dasatinib sensitivity in T-ALL. By dephosphorylating
LCK, dasatinib exhibited considerable inhibitory effect in LCK-activated T-ALL cell lines
and primary blasts. Furthermore, we found T-ALL differentiation stage is associated with
preTCR-LCK activation and affects dasatinib sensitivity. Lastly, we performed scRNA-seq
in primary T-ALL blasts and identified intra-tumor heterogeneity where BCL2 and LCK
were inversely correlated, suggesting the value of using combination therapy to target both
LCK and BCL2 signaling pathways in T-ALL.

3.2
3.2.1

Results
NetBID Analysis Revealed LCK-preTCR Activation-mediated Dasatinib
Sensitivity in T-ALL

To identify novel therapies for ALL treatment, our research group led by Drs. Evans and
Yang developed a cohort of 352 primary samples from patients with ALL and tested their
drug sensitivity (measured by LC50 , the concentration at which 50% of leukemia cells were
killed) using a mesenchymal stromal cell co-culture assay ex vivo. RNA was extracted from
each sample, and RNA-seq was performed for the gene expression profiles.
Across all samples (including B-ALL and T-ALL), we observed a wide range of
dasatinib sensitivity and found a bimodal distribution where the sensitive cases have low
LC50 (mean of 5.50 nM [range from 0.05 to 79.4]), and the resistant cases have high LC50
(mean of 12334.7 nM [range from 87.4 to 20000]). In B-ALL, extreme sensitivity was observed
in 18.75% of cases (5.13% and 24.4% in children and adults, respectively), of which 49 cases
were confirmed as BCR-ABL1 ALL and another 1 case had ABL-class fusion. This was
consistent with the high prevalence of BCR-ABL1 and ABL-class ALL in adults and their
known response to ABL1 inhibitors. However, in T-ALL, we surprisingly found that 44.4%
of pediatric and 16.7% of adult cases exhibited exquisite sensitivity to dasatinib, with LC50 s
largely comparable to that of BCR-ABL1 B-ALL. Importantly, of the dasatinib-sensitive
T-ALL cases, none had genetic abnormalities involving BCR-ABL1 or ABL-class fusions. We
tested three other ABL1 inhibitors in a subset of these T-ALL and observed that these cases
were consistently resistant to these ABL-specific inhibitors imatinib and nilotinib but were
highly sensitive to dasatinib and ponatinib, both of which have many non-ABL1 targets.
In addition, we tested dasatinib sensitivity in 8 T-ALL cell lines, and 3 cell lines showed
strong sensitivity to dasatinib, namely SIL-ALL, HSB-2, and KOPT-K1. Within these three
dasatinib-sensitive cell lines, SIL-ALL harbors NUP214-ABL1 fusion while the other two
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cell lines are free of ABL-class fusions. Taken together, these results strongly pointed to an
ABL-independent mechanism that drives dasatinib sensitivity in a significant proportion of
T-ALL.
To systematically explore the biological mechanisms underneath dasatinib sensitivity
in T-ALL, we collaborated with Jingjing Liu of Dr. Jiyang Yu lab at St. Jude computational
biology department and performed a network-based algorithm (Network-based Bayesian
Inference of Drivers, NetBID) (Du et al., 2018) to estimate the activity of signaling molecules
from RNA-seq gene expression profile. Applying NetBID to RNA-seq of 261 T-ALL cases
from TARGET cohort (Liu et al., 2017), we first reconstructed a comprehensive gene network.
The subsequent T-ALL network contains 27,179 genes and 1,068,228 interactions, representing 7,924 hub genes and their downstream targets. These T-ALL specific gene network
was then used to infer gene activity in 30 dasatinib-sensitive T-ALL and 15 resistant cases
from our cohort. Among all the genes, 193 genes showed significantly elevated activity in
dasatinib sensitive T-ALL and 268 genes were downregulated compared to cases that were
resistant to this drug. Performing pathway analysis, we observed a notable enrichment of
up-regulated genes in the preTCR-LCK signaling pathway, which is characterized by CD28,
CD3E, CD3G, ICOS, CD40LG, LCK, and PTCRA. In addition, of 13 purported dasatinib
targets (Cotto et al., 2017; Klaeger et al., 2017; Wishart et al., 2017), the activity of SRC,
LCK, FYN, and FGR was inferred by NetBID analysis and found significantly elevated
in dasatinib sensitive T-ALL, with LCK as the top candidate. Collectively, these results
consistently indicated that LCK is a potential driver for the observed dasatinib sensitivity in
T-ALL.
To test this hypothesis, we established patient-derived xenografts using primary cells
from seven dasatinib-sensitive and four -resistant T-ALL cases, with which we expanded
human leukemia cells for in-depth functional experiments. Focusing on the key signaling
molecules of the proximal preTCR-LCK pathway directly up- and down-stream of LCK,
we measured the phosphorylation of LCK (Y394) (Nyakeriga, Garg, and Joshi, 2012),
CD247 (Y142) (Weber et al., 2019), and ZAP70 (Y319) (Williams et al., 1999) in T-ALL PDX
cells post dasatinib treatment. The basal level of tyrosine phosphorylation across these 3
molecules was noticeably higher in dasatinib-sensitive cases and was reduced dramatically
by dasatinib treatment in a dose-dependent manner. By contrast, there was only minimal
level of phosphorylation of LCK, CD247, and ZAP70 in dasatinib-resistant T-ALL cells at
basal level and was not changed by increasing concentrations of dasatinib. Confirmatively,
we observed similar results in two dasatinib-sensitive (HSB-2, KOPT-K1) and one -resistant
T-ALL cell line (CEM). Furthermore, we sought to confirm that dasatinib induces T-ALL
cytotoxicity by inhibiting LCK. To experimentally address this, we introduced a mutant
form of LCK harboring the T316M mutation, which is known to be resistant to dasatinib
(Lee et al., 2010). KOPT-K1 cells with wild-type LCK or empty vector control were highly
sensitive to dasatinib while KOPT-K1 cells with with LCKT316M overexpression became
25.8-fold more resistant to dasatinib. Consistently, LCK phosphorylation level in cells with
wild-type LCK or empty vector control was markedly reduced by increasing concentrations
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of dasatinib while LCK phosphorylation was not affected by dasatinib in the cells with
LCKT316M overexpression.
Next, we thought to explore the therapeutic efficacy of dasatinib in T-ALLs. We
selected four dasatinb sensitive T-ALL PDXs and tested the anti-leukemia efficacy in vivo.
Mice treated with dasatinib at 20mg/kg/day exhibited significantly reduced leukemia
growth across all four cases, and the survival for these mice was notably prolonged by
dasatinib treatment.
In addition, to systematically examine dasatinib-directed kinase inhibition, three
dasatinib-sensitive and two -resistant T-ALL PDXs were selected for phospho-proteomic
profiling. In this assay, we treated cells from each PDX with dasatinib for one hour and
collected proteins for TMT-based phospho-proteomics. Working with Hong Wang, we
identified 21,540 unique phospho-sites from all samples and estimated the activity of 172
kinases from the phospho-level of these phospho-sites. Comparing dasatinib-sensitive and
-resistant groups, LCK, LYN, FYN, and INSR were uniquely downregulated by dasatinib in
dasatinib-sensitive cases, whereas no significant changes were found in dasatinib-resistant
cases. Lastly, given the broad target spectrum of dasatinib (namely SRC family kinases), we
also tested the 11 T-ALL PDXs with WH 4-023 (Martin et al., 2006) and nintedanib (Roth
et al., 2015), both of which are known specific LCK inhibitors with minimal effects against
SRC. Both compounds exhibited high cytotoxicity in dasatinib-sensitive cases while the
-resistance T-ALL cases were largely non-responsive to these LCK-specific inhibitors. Taken
all together, these results indicate that dasatinib is an efficient anti-T-ALL agent, and the
anti-leukemic activity of dasatinib was most likely mediated by LCK inhibition.

3.2.2

T-ALL Differentiation Stage Is Associated with LCK-preTCR Activation
and Dasatinib Sensitivity

By profiling the genomic abnormality patterns of T-ALLs from WGS and WES, we did
not find a unifying somatic genomic alteration that can completely elucidate dasatinib
sensitivity. However, a number of features were notable. For example, NOTCH1 mutations
were detected in 93.3% of dasatinib-sensitive cases compared to 50% in dasatinib-resistant
T-ALL. A similar pattern was also found in FBXW7, an important NOTCH signaling
transducer. DNM2 and RUNX1 are known to be associated with early T-cell precursor
(ETP) ALL and mutations in these genes were exclusively found in dasatinib resistant cases,
indicating that LCK signaling may be unessential in ETP T-ALL.
Importantly, we found TCF7-SP1 fusion in one T-ALL case with exquisite sensitivity
to dasatinib. TCF7-SPI1 T-ALL was recently identified as a novel T-ALL subtype associated
with a distinct gene expression pattern, including upregulation of PTCRA and LCK (Seki
et al., 2017), which are drivers for dasatinib sensitivity in T-ALL. Furthermore, we identified
another two T-ALL cases with TCF7-SPI1 fusion, and both cases were exquisitely sensitive
to dasatinib. From these results, we postulate a strong correlation between dasatinib
sensitivity and this new subtype. During normal T-cell development, PTCRA is specifically
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expressed at the CD4/CD8 double-negative (DN) 3a/3b stages, which further triggers a
strong proliferative signal by activating LCK (Rothenberg, Moore, and Yui, 2008). Hence,
we hypothesize that TCF7-SPI1 can induce the differentiation arrest of T-ALL at the DN3
stage, rendering them sensitive to LCK inhibition by dasatinib.
In collaboration with Jingjing Liu, we developed a dasatinib sensitivity biomarker
score using NetBID algorithm to predict dasatinib sensitivity with gene expression profile.
Applying the biomarker model to expression profiles of normal mouse T-cell components
of 19 differentiation stages (Mingueneau et al., 2013), we found that the estimated dasatinib
sensitivity score started to rise rapidly between DN2 and DN3 stages, consistent with the
dynamics of LCK and PTCRA activities. Contrariwise, we also associated the gene activity
pattern of each T-ALL case with the 19 stages of normal T-cell development and estimated
the similarity between each leukemia and different T-cell components by clustering analysis. We discovered that dasatinib-resistant T-ALL cases were related to ETP stage while
dasatinib-sensitive cases were closely related to DN3/DN4 T cells.
To experimentally elucidate the role of TCF7-SPI1 and T-cell differentiation stages in
dasatinib sensitivity of T-ALL, we isolated mouse Lineage- Sca+ cKit+ cells (LSK cells) and
transduced either TCF7-SPI1 fusion gene or empty vector control into LSK cells. Transduced
LSK cells were then maintained in an in vitro OP9-DL1 cell co-culture system, which allows
the LSK cells to differentiate into different T-cell populations. LSK cells with empty vector
largely differentiated into mature CD4 or CD8 single positive T cells while the differentiation
of LSK cells with TCF7-SPI1 expression were blocked at the DN3 stage and exhibited
significantly higher level of LCK phosphorylation. By treating mouse thymocytes with
dasatinib, we also discovered distinct dasatinib sensitivity in different T-cell populations
within mouse DN thymocytes. Consistently, dasatinib showed high cytotoxicity in DN3
cells and had minimal effect on DN1 and DN2 cells. Taken together, T-cell differentiation
arrest at the DN3 stage is a potential mechanism for LCK activation and causes dasatinib
sensitivity, with TCF7-SPI1 T-ALL as an example.

3.2.3

Intra-tumor Heterogeneity Indicates Dynamic Shift of LCK and BCL2
Signaling and Dasatinib Response

As LCK has been identified as the driver for dasatinb sensitivity, we sought to explore what
other genes might also be associated with dasatinib response. By examining the top 461
genes associated with dasatinib sensitivity in T-ALL, we found that BCL2 and BCL-XL were
among the top drivers. BCL2 is negatively related to dasatinib sensitivity while BCL-XL is
positively related to dasatinib sensitivity. Like LCK, the activity of BCL2 and BCL-XL also
changes dynamically in different T-cell differentiation stages. BCL2 is highly activated in
ETP stage and is inactivated when T-cells become more mature, with the lowest activity
found at DN3/DN4 stages before it is re-activated in the immature single positive (ISP)
population. On the contrary, BCL-XL activity follows an opposite dynamic profile as BCL2,
which is inactivated at early stages like ETP and rises as T-cells become more mature.
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Because of the opposite trend of dynamics between LCK and BCL2, we hypothesized that
dasatinib sensitivity is negatively correlated with sensitivity of BCL2 targeting therapy
such as venetoclax (Chonghaile et al., 2014). To address this, we tested ex vivo venetoclax
sensitivity in 34 T-ALL samples. Indeed, dasatinib-sensitive T-ALLs were more resistant
to venetoclax and vice versa. Also, BCL2 activity is positively correlated with venetoclax
sensitivity while LCK activity is elevated in venetoclax resistant cases. To systematically
explore the biological mechanisms of venetoclax sensitivity in T-ALL, we worked with
Jingjing Liu and applied the NetBID analysis to T-ALL cases with venetoclax sensitivity data
and identified 656 drivers of venetoclax sensitivity. We compared the effects of all genes
on both dasatinib and venetoclax sensitivities and observed a strong negative correlation
between dasatinib and venetoclax, indicating genes that drive dasatinib sensitivity are
associated with venetoclax resistance. By applying dasatinib sensitivity biomarker model
to the TARGET cohort where the ETP status was documented, we discovered ETP cases in
the TARGET cohort exhibited low dasatinib sensitivity score while they showed high BCL2
activity.
Next, we sought to determine if intra-tumor heterogeneity exists in T-ALLs and
explore the biological basis of the variability in dasatinib sensitivity. To address this, we
performed single-cell RNA-seq (scRNA-seq) on two dasatinib sensitive T-ALL PDXs. With
each PDX, we treated the leukemia blasts with dasatinib in vitro for four days, which will
result in the elimination of dasatinib sensitive cells. In the meantime, vehicle control will
not affect the distribution of cells of distinct drug response. We combined both dasatinib
treated and vehicle treated cells for analysis. In both cases, we used unsupervised clustering
method with scRNA-seq data to divide all cells into three distinct groups: C1, C2, and C3.
Each cluster contains both dasatinib and vehicle treated cells. Applying dasatinib sensitivity
biomarker model to every single cell in each cluaster, we identified C1, C2, and C3 as
dasatinib-sensitive, -responsive, and -resistant populations, respectively. The dasatinib
sensitive C3 cluster predominantly contains the naïve leukemia cells that are most sensitive
to dasatinib and this population was dramatically eliminated by dasatinib treatment. On the
contrary, cells enriched after dasatinib treatment mostly exist in the resistant cluster C1. C2
contains both dasatinib sensitive and resistant cells. Consistently, LCK activity was found
the highest in dasatinib sensitive C3 cluster and the lowest in dasatinib resistant cluster
C1. BCL2, however, exhibited an opposite pattern. Additionally, we observed a striking
negative correlation between LCK and BCL2 activity at single-cell level. When overlapping
gene signatures of each T-cell differentiation stage, we found the ETP associated genes (i.e.,
CD34, CD44) were enriched in dasatinib-resistant C1 and DN3/4 related genes (i.e., CD3D,
CD3E, CD3G, ZAP70, CD28, LEF1) were clustered in dasatinib-sensitive C3. Collectively, our
single-cell RNA-seq analysis suggested drivers for dasatinib sensitivity that were identified
with bulk RNA-seq were also regulators for dasatinib sensitivity at single-cell level. The
intra-tumor heterogeneity occurs in T-ALL, representing an inverse correlation between
ETP and DN3/4 gene signatures. These results indicated that intra-leukemia heterogeneity
exists in T-ALL, with subclones of distinct dasatinib response. The dynamic shifts of LCK
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and BCL2 signaling pathways suggest a value of therapeutically targeting both signaling
pathways in T-ALLs.
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Chapter 4
Pre-clinical Pharmacokinetic and Pharmacodynamic
Profiling of Dasatinib Predicts Optimal Clinical
Response in T-ALL

4.1

Introduction

Acute lymphoblastic leukemia (ALL) is the most frequently diagnosed cancer in children.
Over the last few decades, the overall survival for ALL has been drastically improved by applying intensive chemotherapy (Pui et al., 2015). However, there are still subsets of patients
with ALL that exhibited poor outcome from conventional chemotherapy, namely Ph+ B-ALL
and T-ALL. Ph+ B-ALL is characterized by the t(9;22)(q34;q11) translocation which encodes
a fusion protein called BCR-ABL1 (Crist et al., 1990). The ABL1 moiety of BCR-ABL1 is a
tyrosine kinase which interacts with signaling transducers in many oncogenic signaling
pathways (Ren, 2005; Cilloni and Saglio, 2012). Upon BCR-ABL1 translocation, ABL1 is
constitutively activated and therefore becomes an oncoprotein (Sattlermc and Griffin, 2003).
Dasatinib is an orally administrated tyrosine kinase inhibitor. Originally designed
to target ABL1, the second generation ABL1 inhibitor dasatinib has been approved for
the treatment of patients with BCR-ABL1 positive CML and ALL (Kantarjian et al., 2006).
Compared to the first generation ABL1 inhibitor imatinib, dasatinib exhibits 325-fold higher
potency against wild type BCR-ABL1 kinase (O’Hare et al., 2005). Importantly, dasatinib can
overcome the resistance to imatinib caused by numerous mutations in BCR-ABL1 (O’Hare
et al., 2005). Multiple research projects and clinical trials have reported the favorable
therapeutic effects of dasatinib on both bench and bedside. Although high dose of dasatinib
can lead to side effects such as pleural effusion and myelosuppression, dasatinib toxicity is
still considered manageable (Zackova et al., 2013; Ottmann et al., 2018).
Other than BCR-ABL1 B-ALL, T-ALL also has poor prognosis, and it becomes refractory and resistant to chemotherapy upon relapse (K. Nguyen et al., 2008; McMahon and
Luger, 2019), necessitating the development of targeted therapies for this type of cancer. TALL is characterized by a unique group of genomic alterations in many oncogenes including
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NOTCH1, TAL1, LMO2, HOXA, TLX1, TLX3, etc. (Girardi et al., 2017; Liu et al., 2017). Therapeutically targeting NOTCH signaling pathway by gamma secretase inhibitors showed
therapeutic effects in T-ALL but encountered challenges of on-target toxicity (Palomero and
Ferrando, 2009; Sarmento and Barata, 2011; Doody et al., 2013; Takebe, D. Nguyen, and
S. X. Yang, 2014). Applying a forward genetics approach, our research group has developed
a cohort of ALL cases and tested drug sensitivity broadly to many anti-leukemia agents in
these primary samples. By performing large-scale drug sensitivity screening, we discovered
44% of pediatric T-ALLs with exquisite responsiveness to dasatinib (Gocho et al., 2021).
Notably, none of the dasatinib-sensitive cases harbor BCR-ABL1 or other ABL-class fusions.
We further employed a network-based algorithm and identified preTCR-LCK signaling
as the driver for dasatinib sensitivity (Gocho et al., 2021). Our in vitro and in vivo assays
suggested inhibiting LCK by dasatinib can significantly repress T-ALL growth, suggesting
a novel therapy to treat patients with T-ALL (Gocho et al., 2021).
Given the promising anti-leukemia efficacy of dasatinib in T-ALL PDX models, it’s
attractive to understand the in vivo exposure and response of this agent in a pre-clinical
setting. Therefore, we aim to pre-clinically evaluate the exposure to response relationship
of dasatinib and optimal the dosages for dasatinib in T-ALL patients. In this study, we
measured dasatinib plasma concentrations at various time points post one single dose of
dasatinib. Using LCK phosphorylation as a therapeutic biomarker, we collected proteins
from bone marrow cells of T-ALL bearing PDX mice at different time points after initial
dasatinib dosing and measured LCK phosphorylation level for pharmacodynamic modeling.
We quantified the plasma dasatinib concentration as well as LCK phosphorylation level in
response to dasatinib and modeled the exposure to response relationship in T-ALL PDX
mice. By comparing dasatinib exposure profile in our mouse model with published human
PK data, we discovered that the dasatinib (20 and 40 mg/kg) in mice induced similar level
of exposure than that in human at the equivalent dosage. Modeling the dasatinib exposure
to LCK/BCR-ABL1 response relationship using our mouse PK/PD data and published
PD results for BCR-ABL1, we found dasatinib produced sufficient LCK inhibition (to the
same degree as BCR-ABL1) at the same dosage level prescribed for patients with BCR-ABL1
positive leukemia.

4.2
4.2.1

Results
Pharmacokinetic Profiling of Dasatinib in Mice

In the previous chapter, we have described that dasatinib had promising anti-leukemia
efficacy in T-ALL PDX models in vivo (Gocho et al., 2021). We gave the mice total of
20mg/kg/day via oral gavage and at this dosage, dasatinib delivered promising antileukemia efficacy. To push dasatinib forward to clinical setting, it’s important to fully
understand the exposure to response of dasatinib in T-ALL and evaluate the optimal dosage
for dasatinib. Therefore, we performed pre-clinical pharmacokinetic and pharmacodynamic
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profiling using LCK phosphorylation as the biomarker. In this study, we gave NSG mice
with one dose of dasatinib via oral gavage at 20 or 40 mg/kg and collected plasma at
different time points. We then used non-linear mixed effects modeling analysis to perform a
one-compartment PK modeling (Figure 4.1). After oral drug administration, dasatinib was
absorbed quicky. The absorption rate was similar with both dosages, with the median Tmax
of 1.17 (10th , 90th percentile: 0.83, 1.46) and 1.17 (10th , 90th percentile: 0.92, 1.42) hours for
dasatinib of 20 and 40 mg/kg, respectively. Working with Dr. John C. Panetta, we performed
PK modeling for dasatinib. The overall exposure of dasatinib was dose-dependent, with
Cmax of 102.00 (10th , 90th percentile: 37.81, 230.62) ng/mL and 366.36 (10th , 90th percentile:
166.52, 847.16) ng/mL, AUC0-inf of 499.51 (10th , 90th percentile: 253.33, 1173.71) ng hr/mL
and 1952.88 (10th , 90th percentile: 908.72, 4027.31) ng hr/mL for dasatinib at 20 and 40
mg/kg, respectively. Focusing on the clearance of dasatinib, we observed rapid clearance at
both dosages, of which the lower dosage was associated with faster drug elimination, with
the t1/2 of 0.35 (10th , 90th percentile: 0.27, 0.45) hours and 0.34 (10th , 90th percentile: 0.27,
0.43) hours, CL of 667.41 (10th , 90th percentile: 284.01, 1315.89) mL/min/kg and 341.38 (10th ,
90th percentile: 165.82, 733.74) mL/min/kg for dasatinib at 20 and 40 mg/kg, respectively.
We translated dosage we used in the mouse pharmacokinetic study into human
equivalent dosage using allometric scaling (Kamath et al., 2008). Dasatinib of 20 and 40
mg/kg in mouse were equivalent to 83 and 166 mg/m2 in children. In a pharmacokinetic
study focusing on dasatinib in children with BCR-ABL1 positive ALL (Aplenc et al., 2011),
we found the average AUC0-inf is around 526 ng hr/mL when given at 85 mg/m2 . This was
largely comparable with our PK estimation (AUC0-inf of 499.51 ng hr/mL when given at
20mg/kg [human equivalent 83 mg/m2 ]). Since dasatinib at 83 mg/m2 is widely acceptable
in children, the dosage we used for in vivo study is within a reasonable range and can
achieve similar exposure at human equivalent dose.

4.2.2

Pharmacodynamic Profiling of Dasatinib in T-ALL PDX Model

To model the exposure to response relationship of dasatinib in T-ALL, we performed pharmacodynamic profiling using T-ALL PDX mouse model with LCK phosphorylation as
biomarker. In this experiment, we injected T-ALL PDX cells into NSG mice through tail vein
and monitored leukemia growth weekly. Upon engraftment, we gave the T-ALL bearing
mice with one dose of dasatinib at 20 or 40 mg/kg by oral gavage, followed by protein collection from bone marrow cells at various time points. We measured LCK phosphorylation
(Y394) level by western blotting. An indirect response model was used to model pLCK
dynamics in response to dasatinib. By quantifying pLCK with western blotting, we found
LCK phosphorylation decreased rapidly to 20% at three hours post dasatinib treatment
(Figure 4.2A). Compared to the lower dosage, dasatinib at 40 mg/kg exhibited a longer
duration of LCK inhibition (50% dephosphorylation, Figure 4.2A-B). The PD modeling
also indicated a dose dependent LCK inhibition duration due to the extended exposure
by the higher dose of dasatinib. We estimated the EC50 (plasma concentration required to
induce 50% LCK inhibition in vivo) of dasatinib of 19.9 ng/mL, which is largely achievable
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Figure 4.1: Dasatinb concentration versus time plot. The blue symbols are
the 20 mg/kg samples, the blue curve and blue shaded region are the
median and 25th -75th model predicted concentrations, The green symbols
are the 40 mg/kg samples, the green curve and green shaded region are the
median and 25th -75th percentile model predicted concentrations. The grey
shaded regions are the 10th -90th percentile model predicted concentrations.
The red line is the lowest measurable value.
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Figure 4.2: Pharmacodynamic profile of dasatinib in T-ALL. A. Western
blotting shows pLCK change after dasatinib treatment. B. The quantification
of pLCK level from western blotting results. C-D. Pharmacodynamic
modeling of pLCK (C) and pBCR-ABL1 (D). Black curves are dasatinib
exposure (solid and dashed curves are dasatinib at 20 and 40 mg/kg,
respectively); blue and green curves are pLCK/pBCR-ABL1 dynamics after
dasatinib treatment at 20 and 40 mg/kg, respectively. Dots are actual
measurement from this study. Data for pBCR-ABL levels are taken from Luo,
FR et al. Clin Cancer Res. 2006 Dec 1;12(23):7180-6.
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Figure 4.3: Modeling for steady state exposure-response in mice. Blue
curves and shaded regions: median, 10th and 90th percentile model
estimated pLCK (A-B) or pBCR-ABL1 (C-D) levels. Black solid curves:
median model estimated drug concentrations. Red line indicates 50% kinase
inhibition.

as indicated with PK estimations (Figure 4.2C). Since dasatinib has been approved for the
BCR-ABL1 positive CML and ALLs, the clinical efficacy of dasatinib in inhibiting BCR-ABL1
were well documented. Therefore, we collaborated with Dr. John C. Panetta and performed
PD modeling using our PK data (at 20 and 40 mg/kg) and published PD profile of pBCRABL1 (Luo et al., 2006). Comparatively, dasatinib induced deeper and slightly longer acting
inhibition to BCR-ABL1 than LCK (Figure 4.2D). Next, we sought to simulate the exposure
to response relationship when dasatinib is given continuously (seven-day daily treatment).
At the steady state, the length of LCK inhibition was slightly but not significantly lower than
BCR-ABL1 in response to dasatinib treatment, with the duration of 50% LCK/BCR-ABL1
inhibition of 14.4 (10th , 90th percentile: 9.8, 20.8)/16.2 (10th , 90th percentile: 11.2, 24) and 20.2
(10th , 90th percentile: 14.7, 24)/22.9 (10th , 90th percentile: 16.4, 24) hours/day at 20 and 40
mg/kg, respectively (Figure 4.3). Similar results were found when simulating the exposure
to response relationship in human, with the duration of 50% LCK/BCR-ABL1 inhibition of
22.3 (10th , 90th percentile: 12.7, >24)/>24 (10th , 90th percentile: 23.3, >24) and >24 (10th , 90th
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Figure 4.4: Modeling for steady state exposure-response in humans. Blue
curves and shaded regions: median, 10th and 90th percentile model
estimated pLCK (A-B) or pBCR-ABL1 (C-D) levels. Black solid curves:
median model estimated drug concentrations. Red line indicates 50% kinase
inhibition.

percentile: 17.7, >24)/>24 (10th , 90th percentile: >24, >24) hours/day at 20 and 40mg/kg,
respectively (Figure 4.4).
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Chapter 5
Developing LCK-targeting PROTACs as a Novel
Therapy for T-ALL

5.1

Introduction

Acute lymphoblastic leukemia (ALL) is the most frequently diagnosed hematopoietic
malignancy in children in the US. ALL can be derived from both B- and T-lymphoid
lineages (B-ALL and T-ALL), making up for 85% and 15% of cases (Hunger and Mullighan,
2015). T-ALL exhibits a more aggressive phenotype and has worse outcomes compared
to B-ALL (K. Nguyen et al., 2008; McMahon and Luger, 2019). Only 50% patients with
T-ALL survive for over five years from diagnosis in adults (Marks et al., 2009). There is
an even more dreary prognosis with relapsed and refractory T-ALLs, with 5-year survival
rate of 10% (Samra et al., 2020). Children with T-ALL respond better to conventional
cytotoxic chemotherapy (Raetz and Teachey, 2016). However, they also suffer from a range
of devastating long-term adverse effects (Raetz and Teachey, 2016). Hence, there is a great
need to develop novel targeted therapies for this type of cancer.
Combining network-based systems biology analyses of T-ALL genomics data and
large-scale ex vivo leukemia pharmacotyping, we recently discovered that 40% of T-ALL
cases with constitutive activation of T-cell specific LCK-preTCR signaling triggered by
tyrosine kinase LCK, which drives the sensitivity to LCK-targeting therapy (Gocho et al.,
2021). LCK activation in T-ALL was associated with differentiation arrest at the CD4/CD8
double negative (DN)3/4 stages where preTCR-LCK signaling is activated to promote T
cell proliferation before specification (Rothenberg, Moore, and Yui, 2008). This expansion
signal is considered to be leukemogenic and needed for T-ALL survival (Santos et al., 2006).
Data from our study as well as other groups consistently suggest LCK as a therapeutic
vulnerability in T-ALL (Laukkanen et al., 2017; Serafin et al., 2017; Yuzhe et al., 2020; Gocho
et al., 2021). More importantly, LCK inhibitor dasatinib showed dramatic anti-leukemia
efficacy in vivo using T-ALL patient-derived xenografts (PDX) model (Gocho et al., 2021).
However, dasatinib only temporarily suppressed leukemia growth, and resistance emerged
rapidly. This is not surprising because small molecule inhibitors are known to deliver
reversible inhibitory effects on their targets, and it requires continuous drug exposure to

Chapter 5. Developing LCK-targeting PROTACs as a Novel Therapy for T-ALL

35

achieve sustained suppression. However, continuous drug dosing is pharmacokinetically
challenging. Therefore, it is important to develop proteolysis targeting chimeras (PROTAC)
to permanently inhibit LCK by targeted protein degradation.
PROTACs are a type of molecules that bind to their targeted proteins and bring
them to E3 ligase where PROTACs hijack the normal physiological functions of E3 ligase to
ubiquitinate the target proteins of interest and further result in proteasomal degradation
(Lai and Crews, 2017; Paiva and Crews, 2019). A PROTAC molecule is typically comprised
of a ligand for the target protein and an E3 binding moiety and a linker that connects the
two ligand moieties. Cereblon (encoded by the CRBN gene) is one of the most popular E3
ligases for PROTAC discovery, due to the promising drug-like properties of cereblon ligands
namely lenalidomide and thalidomide (also known as immunomodulatory imide drugs
[IMiDs]) (Lu et al., 2015; Winter et al., 2015). In addition, once the target protein is degraded
by induced E3 ligase proximity, PROTAC molecules are recycled and ready for another
round of induced proteolysis, eliminating the therapeutic targets in a super-stoichiometric
fashion (Bondeson, Mares, et al., 2015). Many studies have shown that PROTACs can
successfully induce proteolytic degradation of a wide spectrum of therapeutic targets such
as enzymes, transcription factors, scaffolding proteins (Sakamoto et al., 2001; Lai, Toure, et
al., 2016; Farnaby et al., 2019; Han et al., 2019; Khan et al., 2019; Adhikari et al., 2020; Li et al.,
2020). Principally, tyrosine kinases are highly modifiable as PROTAC targets because of the
well-known importance in many types of diseases and also the considerable accessibility
of small molecule inhibitors as potential ligands (Donovan et al., 2020; Samarasinghe and
Crews, 2021).
Although IMiD was widely used for PROTAC development, IMiD-based PROTACs
readily undergo hydrolysis, even in commonly used cell culture media, which will significantly affect the cytotoxicity. To address this, we have recently identified phenyl glutarimide
as an alternative cereblon binder with multiple advantages over classical IMiDs in PROTAC
design such as chemical stability, smaller size, lower polarity, ligand binding affinity, and
synthetic feasibility (Min et al., 2021).
Here, we comprehensively examined the feasibility and potential therapeutic value
of LCK-PROTACs. Using dasatinib as the LCK ligand, we developed a series of ten LCK
degraders with a phenyl glutarimide-based cereblon binder. These PROTACs showed
striking efficiency in inducing LCK proteolysis in T-ALL, 112,821-fold more potent than the
IMiD-based degrader (Lai, Toure, et al., 2016), with no more cytotoxic effects than dasatinib
on normal hematopoietic cells. Our pharmacokinetic and pharmacodynamic studies in vivo
showed markedly improved exposure-to-efficacy relationship and anti-leukemic efficacy of
PROTAC molecules relative to LCK inhibitor dasatinib. Systematically screening human
kinome, we showed that our dasatinib-derived phenyl glutarimide-based PROTAC can
broadly target ABL1 and SRC family kinases and thus is a powerful new tool for developing
a new class of drugs against these targets.
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Results
Development of LCK PROTACs and In Vitro Characterization

To develop LCK degraders, we collaborated with Dr. Zoran Rankovic’s group of St.
Jude’s chemical biology and therapeutics department and synthesized a series of PROTAC
molecules that are comprised of three components: (1) dasatinib as the LCK ligand with a
Kd of 7 nM (Klaeger et al., 2017); (2) a phenyl-glutarimide moiety as the cereblon-directing
warhead, in which phthalimide of the IMiD is replaced with phenyl (Min et al., 2021); (3)
a linker with varying lengths and modifications to adjust lipophilicity (Figure 5.1A). The
linker attachment point was determined based on prior structural analysis suggesting this
location should not interfere with ABL1 binding (Tokarski et al., 2006). Additionally, we
synthesized an IMiD-based dasatinib PROTAC (Lai, Toure, et al., 2016) as the reference
(compound 1). Using a range of in vitro assays, we first evaluated LCK PROTACs for their
physicochemical properties related to adsorption, disposition, metabolism, and excretion.
Relative to the IMiD-based PROTAC, our phenyl-glutarimide compounds showed largely
comparable stability in aqueous solution (t1/2 ranges from 21.6 to >48 hours), with a slightly
lower t1/2 in plasma (0.3 to 0.65 hours). In the presence of mouse liver microsome, four
phenyl-glutarimide PROTACs exhibited superior metabolic stability than the IMiD PROTAC, with t1/2 as long as 0.57 hours. To model drug absorption in vitro, we also measured the
influx and efflux of LCK PROTACs across the intestinal cell CACO-2 monolayers. Although
all PROTACs showed relatively modest permeability, phenyl-glutarimide compound were
consistently superior to the IMiD PROTAC, with Papp A/B ranging from 0.06 to 7.61 nm/s,
respectively. Lastly, we observed variable aqueous solubility, ranging from 0.02 to 0.69 µM.
Next, we sought to evaluate LCK PROTACs for their efficiency in target protein
degradation and cytotoxic effects in T-ALL. For this, we chose T-ALL cell line KOPT-K1 as
the model system because of its constitutive activation of LCK and in vitro sensitivity to
dasatinib (Gocho et al., 2021). At 100nM, all PROTACs induced profound LCK degradation
after 24-hour exposure, whereas dasatinib did not affect LCK level (Figure 5.1B). Notably,
IMiD PROTAC showed the lowest level of LCK degradation at 82.9%, compared to an
average of 96.6% with the phenyl glutarimide-based PROTACs, Figure 5.1B). The degree
of LCK degradation by a given PROTAC was positively correlated with its cytotoxicity
in KOPT-K1 measured as LC50 (the concentration to inhibit leukemia growth by 50%,
P=0.0434). Among phenyl-glutarimide PROTACs, Compound 2a (SJ11646) was the most
potent LCK degrader and most cytotoxic with an LC50 of 0.00008307nM, 1561-fold lower
than that of dasatinib (Figure 5.1C); six exhibited cytotoxicity comparable to dasatinib,
and two were less cytotoxic. By contrast, the IMiD-based PROTAC had the highest LC50
(9.372nM), 72-fold greater than dasatinib (Figure 5.1C). Because Compound 2a was the most
potent PROTAC, we prioritized it for further evaluations, and it was referred to as SJ11646
henceforth.
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Figure 5.1: PG-based PROTACs induce LCK degradation with cytotoxicity
in T-ALL. A. Structures of a previously reported dasatinib-IMiD PROTAC
(Compound 1, Angew. Chem. Int. Ed. Engl., 2016, 55(2): 807–810.) and
phenoyl-glutarimide-based LCK targeting PROTACs developed herein
(compounds 2a-j). B. LCK degradation in T-ALL induced by PROTAC
molecules. LCK-activated T-ALL cell line KOPT-K1 was treated with
Compound 2a-j, IMiD-PROTAC, or dasatinib (100nM for 24 hours) and was
harvested for protein extraction and western blotting. The lower panel
shows the image for western blots and the upper panel depicts
quantification of LCK level normalized to GAPDH. Bars are shown in mean
and standard standard error of measurement (SEM, N=3). C. Cytotoxicity of
LCK PROTACs in T-ALL. KOPT-K1 cells were treated with each
phenyl-glutarimide PROTAC, IMiD-PROTAC or dasatinib for 72 hours and
cell viability was determined by CTG assay. Cell viability is shown in mean
and standard deviation (SD, N=3).
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SJ11646 Efficiently and Rapidly Induces LCK Proteolysis in T-ALL with
Minimal Effects on Normal Hematopoietic Cells

Tested at concentrations between 0.001 to 100nM, SJ11646 led to dose-dependent degradation LCK degradation in KOPT-K1 T-ALL cells. Even at 0.001nM, we observed an 81.6%
decrease in LCK protein level compared to vehicle-treated cells, with an estimated DC50
of 0.000314nM (the concentration required to degrade target protein by 50%, Figure 5.2A).
The IMiD-based PROTAC was a significantly weaker with an DC50 of 9.97nM, and there
was no LCK proteolysis by dasatinib across all concentrations (Figure 5.2B-C). As expected,
PROTAC treatment also led to a loss of LCK phosphorylation (pLCK), with an EC50 (the
concentration required to inhibit LCK phosphorylation by 50%) of 0.000216 and 9.09, for
SJ11646 and IMiD PROTAC, respectively (Figure 5.2A-C).
Next, we examined the time course of LCK degradation by treating KOPT-K1 cells
with PROTAC or dasatinib at 100nM for 1, 3, 6, 24 hours and monitored LCK and pLCK
as a function of time. With SJ11646, we observed 92.6% LCK degradation and complete
loss of pLCK within 3 hours (Figure 5.2D), with an estimated t1/2 for degradation and
inhibition of 1.37 and 1.04 hours, respectively. IMiD PROTAC also exhibited a rapid LCK
degradation and loss of pLCK with a t1/2 of 1.457 and 0.745 hours. However, it failed
to completely degrade LCK even after 24 hours of treatment (Figure 5.2E). Compared to
PROTACs, dasatinib was fast-acting with a complete loss of pLCK by 1 hour, but it exerted
no effects on LCK abundance (Figure 5.2F).
To further profile the anti-leukemia effects of SJ11646, we tested this PROTAC on
a panel of 10 patient derived xenografts of pediatric T-ALL. In the six PDX samples that
were LCK-dependent (Gocho et al., 2021), SJ11646 showed superior cytotoxicity than
dasatinib with a decrease of LC50 ranging from 78- to 5667-fold (Figure 5.2G), whereas
the IMiD PROTAC was less potent than dasatinib (Figure 5.2G). In the remaining four
PDXs and T-ALL cell line Jurkat which were LCK-independent, our PROTACs showed
no cytotoxicity at concentrations tested (Figure 5.3), suggesting LCK-specific effects as we
described previously (Gocho et al., 2021).
Because LCK activation is essential in normal T cell functions, we also examined
cytotoxicity of SJ11646 in hematopoietic cells from healthy donors. We tested CD34+ cells
isolated from cord blood as well as peripheral blood mononuclear cells for the degree of
apoptosis induced by SJ11646 or dasatinib. SJ11646 showed significantly lower toxicity
than dasatinib in both CD34+ cells (LC50 s of 726.42 and 92.88nM, respectively, Figure 5.2H),
with similar results in peripheral blood mononuclear cells (LC50 s of 13.84 and 2.81nM for,
respectively, Figure 5.2H). Taken together, these results suggest that SJ11646 is a highly
potent and fast-acting LCK degrader with cytotoxic effects specific to LCK-activated T-ALL
cells.
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Figure 5.2: SJ11646 induces LCK degradation in a dose- and
time-dependent fashion. A-C. Dose-dependent LCK degradation induced
by SJ11646 and IMiD PROTAC, with dasatinib as the control. KOPT-K1 cells
were treated with various concentrations of SJ11646 (A), dasatinib (B) or
IMiD PROTAC (C) for 24 hours. Proteins were extracted for western blotting
for LCK and pLCK (Y394). D-F. Time-dependent LCK degradation induced
by SJ11646 and IMiD PROTAC, with dasatinib as control. KOPT-K1 cells
were treated with SJ11646 (D), dasatinib (E) or IMiD PROTAC (F) at 100nM
and proteins were harvested at 0, 1, 3, 6, 24 hours after treatment. LCK and
pLCK (Y394) levels are determined by using western blotting. G. Ex vivo
sensitivity of human primary T-ALL cells to SJ11646. Human leukemia cells
from six patient-derived T-ALL xenografts (PDX) were treated with various
concentrations of SJ11646, dasatinib or IMiD PROTAC for 96 hours using a
stromal cell co-culture system. Cell viability was determined by
high-content imaging analysis. Data are shown in mean and SD (N=2). H. In
vitro cytotoxicity of SJ11646 in human CD34+ and peripheral mononucleate
cells (PBMCs). Cels were treated with SJ11646, dasatinib or IMiD PROTAC
for 72 hours and cell viability was measured by CTG assay. Data are shown
in mean and SD (N=2).
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Figure 5.3: Cytotoxicity of SJ11646 in LCK-independent T-ALL. A.
LCK-independent Jurkat cells were treated with various concentrations of
SJ11646, IMiD PROTAC or dasatinib for 72 hours and cell viability was
determined by CTG assay. Cell viability is shown in mean and standard
deviation (SD, N=3). B. Ex vivo sensitivity to SJ11646 in LCK-independent
T-ALL PDX models. Human T-ALL cells were collected from four xenografts
and were treated with various concentrations of SJ11646, dasatinib or IMiD
PROTAC for 96 hours in a stromal cell co-culture system, cell viability was
determined by high-content imaging analysis. Data are shown in mean and
SD (N=2).
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SJ11646 Retains Selectivity for ABL1 and SRC Family Kinases

As a multi-target tyrosine kinase inhibitor, dasatinib can bind a relatively wide spectrum
of kinases with a high affinity, particularly ABL1 and SRC family kinases (including LCK)
(Davis et al., 2011; Klaeger et al., 2017). Therefore, we sought to comprehensively profile
kinase selectivity of SJ11646, relative to dasatinib (Fabian et al., 2005). Using DNA-tagged
kinase and immobilized ligand on beads, we first measured the dissociation constant Kd
of SJ11646 against LCK, ABL1, and SRC and observed binding kinetics largely identical to
dasatinib: LCK, Kd=0.14nM for SJ11646 and 0.09 for dasatinib (Figure 5.4A); ABL1, Kd=
0.054nM and 0.022nM (Figure 5.4B); SRC, Kd=0.17nM and 0.19nM (Figure 5.4C). Furthermore, we performed Kinobead selectivity profiling using site-directed competition binding
assay to quantify the affinity of SJ11646 or dasatinib for 468 human kinases (including
mutant variants).
Overall, we observed a highly consistent specificity pattern between these two
molecules (Figure 5.4D-E, Figure 5.5), with CSK, LCK, and ABL1 as the top-ranking targets
for both. In fact, there was a strong positive correlation of relative binding affinity between
dasatinib and SJ11646 across kinases (R2=0.9233, P<0.0001, Figure 5.4F), indicating that
our phenyl-glutarimide LCK PROTAC retained dasatinib’s targeting selectivity without
inducing new interactions with other kinases. Furthermore, we performed a proteomics
assay using KOPT-K1 cells to explore the global change caused by dasatinib and SJ11646. In
this assay, we treated KOPT-K1 cells with dasatinib or SJ11646 at 100 nM for six hours and
collected proteins for TMT-based proteomic profiling. In summary, we identified 10,513
unique proteins, among which LCK downstream signal proteins CISH and DUSP6 were
mostly downregulated by both dasatinib and SJ11646 (Figure 5.4G-H). Importantly, SJ11646
exclusively downregulated a number of dasatinib targets such as CSK, LCK, and SRC,
indicating PROTAC-directed protein degradation by SJ11646(Figure 5.4H-I). Using Western
blotting, we validated SJ11646-induced degradation of CSK and SRC family kinases LCK,
FYN, and YES1 in KOPT-K1 cells (Figure 5.4J).
Finally, we also tested the effects of SJ11646 on ABL1, the known target of dasatinib.
In B-ALL cell line SUP-B15 which harbors the BCR-ABL1 fusion, SJ11646 exhibited marked
cytotoxicity with an estimated LC50 of 0.0000123, 55,114- and 2,376,837-fold more potent
than dasatinib and IMiD PROTAC, respectively (Figure 5.4K). Not surprisingly, SJ11646
induced rapid degradation of BCR-ABL1 fusion protein whereas dasatinib did not (Figure
5.4L). These results suggest that the improved therapeutic effects of SJ11646 over dasatinib
may extend to other cancers where dasatinib target genes are implicated.
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Figure 5.4: Kinase selectivity of SJ11646 in comparison with dasatinib.
Notes on the next page.
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Figure 5.4: Kinase selectivity of SJ11646 in comparison with dasatinib
continued. A-C. Kd analysis of SJ11646 and dasatinib against LCK (A),
ABL1 (B) and SRC (C). A competition assay using DNA-tagged kinase and
immobilized ligand on beads was performed to evaluate the binding affinity
of dasatinib or SJ11646 for each target kinase. Data are shown in mean and
SD (N=2).D-E. Kinome scan assay indicates similar selectivity profile of
SJ11646 and dasatinib. A competition assay was performed with a fixed
dose of 100nM for dasatinib and SJ11646 against 468 kinases (including
mutant proteins, see Figure 5.5). In the Treespot visualization, the size of the
circle indicates the affinity between the compound and a target kinase. F.
Comparison of kinase selectivity profile of dasatinib and SJ11646. Binding
efficiency was determined by Kinome scan assay and x- and y-axes represent
%binding by dasatinib and SJ11646, respectively. G-I. Proteomics assay
suggests PROTAC-directed protein degradation. KOPT-K1 cells were treated
with vehicle control, dasatinib, or SJ11646 at 100 nM for six hours before
being subjected to protein collection and TMT-based proteomic profiling. In
the volcano plots, x-axes are log2 transformed foldchange and y-axes are
-log10 transformed P-value. J. SJ11646 induced depletion of CSK and other
members of the SRC family kinases in KOPT-K1 cells. KOPT-K1 cells were
treated with dasatinib or SJ11646 at 100nM for 24 hours and immunoblotting
was performed to quantify SRC family kinases and CSK. K. In vitro
sensitivity of BCR-ABL1 ALL cell line SUP-B15 to SJ11646, IMiD PROTAC,
or dasatinib. SUP-B15 cells were treated with various concentrations of each
compound for 72 hours and cell viability was determined by CTG assay. L.
Validation of SJ11646 induced degradation of BCR-ABL1 protein in SUP-B15
cells. SUP-B15 cells were treated with dasatinib or SJ11646 at 100nM for 24
hours and immunoblotting was performed to quantify BCR-ABL.
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Figure 5.5: Selectivity profile of dasatinib and SJ11646 against mutant
kinases. A-B. Kinome scan assay indicated similar targeting profile of
SJ11646 and dasatinib. A competition assay was performed using
DNA-tagged kinase and immobilized ligand on beads was performed to
evaluate the binding affinity between dasatinib or SJ11646 and target kinase
with a fixed dose of 100nM for dasatinib and SJ11646 against atypical,
mutant, lipid or pathogen associated kinases. In the Treespot visualization,
the size of the circle indicates the affinity between compound and target
kinase.

Figure 5.6: Lenalidomide had minimum effect on KOPT-K1 cells.
KOPT-K1 is not sensitive to lenalidomide. KOPT-K1 cells were treated with
increase concentrations of lenalidomide, and cell viability was determined
by CTG assay after 72 hours treatment.
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SJ11646-induced LCK Degradation Requires Cereblon

To confirm SJ11646-induced LCK degradation was mediated by cereblon, we performed a
competition assay using lenalidomide, which has high affinity for cereblon but has no effect
on T-ALL survival and growth (Figure 5.6). In KOPT-K1 cells, the addition of lenalidomide
(10 µM) dramatically blunted the cytotoxic effects of SJ11646, with an increase of its LC50
by 21,978-fold (Figure 5.7A), while lenalidomide did not alter dasatinib LC50 (Figure 5.7B).
Lenalidomide also significantly reduced the degree of LCK proteolysis by SJ11646 in vitro,
although the inhibition of LCK phosphorylation appeared to be much less affected (Figure
5.7C). As expected, blocking E3 ligase binding by lenalidomide had no effects on dasatinib
inhibition of LCK (Figure 5.7D).
We also knocked out CRBN in KOPT-K1 cells using CRISPR/Cas9 system, which
abolished the LCK degradation activity of SJ11646 and also its effects on pLCK (Figure
5.7E), with a dramatic increase in drug resistance compared to the parental cells (Figure
5.7F). Genomic deletion of CRBN did not change KOPT-K1 sensitivity to dasatinib (Figure
5.7G).
Finally, we synthesized N-methylated analogue of SJ11646 as a negative control with
no cereblon binding affinity (SJ11646_neg., Figure 5.7H). This negative control molecule
exhibited much-reduced cytotoxicity in T-ALL cells, comparable to that observed with
SJ11646 in the presence of lenalidomide and in CRBNKO cells (Figure 5.7I). SJ11646.neg did
not induce LCK degradation with only residual activity to suppress pLCK (Figure 5.7J).
Finally, in collaboration with Marisa Actis, an AlphaLISA assay was performed to verify the
formation of LCK-PROTAC-cereblon ternary complex, in which SJ11646 induced a slightly
more stable interaction between LCK and cereblon compared to the IMiD-based PROTAC
(Figure 5.7K). Taken together, SJ11646 induced LCK degradation and T-ALL apoptosis in
an E3 ligase-dependent fashion.

5.2.5

SJ11646 Shows Markedly Improved Pharmacodynamic Profile over Dasatinib

PROTACs are believed to have prolonged therapeutic effects due to the irreversible proteolytic elimination of their protein targets, as compared to transiently blockade of signal
transduction by small molecule inhibitors(Samarasinghe and Crews 2021). Hence, we
performed in vitro wash-out experiment where KOPT-K1 cells were treated with SJ11646 or
dasatinib at 100nM for 18 hours before the drugs were removed. Cells were then cultured
in drug-free media and cell growth was monitored daily (Figure 5.8A).
The vehicle treated cells expanded exponentially while both dasatinib and SJ11646
caused significant growth inhibition (Figure 5.8B-C). Dasatinib-treated cells began to recover at 96 hours post drug removal while the growth of cells in the SJ11646 group were
suppressed for up to 240 hours (Figure 5.8B-C). In parallel, pLCK level gradually rose after
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Figure 5.7: SJ11646 induced LCK degradation via cereblon. Notes on the
next page.
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Figure 5.7: SJ11646 induced LCK degradation via cereblon continued. A-B.
Lenalidomide competition assay. KOPT-K1 cells were treated with various
concentrations of SJ11646 (A) or dasatinib (B) in the presence or absence of
lenalidomide (10µM) for 72 hours and CTG assay was performed to measure
cell viability. C-D. Lenalidomide surrogates PROTAC induced LCK
degradation. KOPT-K1 cells were treated with two concentrations of SJ11646
(C) or dasatinib (D) with and without 10µM lenalidomide before proteins
were harvested for western blotting. E. SJ11646 did not degrade LCK in
CRBNKO cells. KOPT-K1 cells with CRBNKO were treated with dasatinib or
SJ11646 at 100nM for 24 hours and proteins were collected for western
blotting. F-G. Sensitivity to SJ11646 and dasatinib in CRBNKO cells. CRBNWT
and CRBNKO KOPT-K1 cells with and without were treated with multiple
concentrations of SJ11646 (F) or dasatinib. (G) for 72 hours and cell viability
was quantified by CTG assay. H. Structure of negative control for SJ11646.
An analog of SJ11646 (SJ11646_neg.) was synthesized with the PG moiety
modified (marked with arrow). I. Drug response curve of SJ11646_neg.
KOPT-K1 cells were treated with multiple doses of negative control
(SJ11646_neg.) for 72 hours and CTG assay was used to measure cell
viability. J. SJ11646_neg. showed no LCK degradation activity. KOPT-K1
cells were incubated with serial concentrations of SJ11646_neg. for 24 hours
and LCK and pLCK (Y394) levels were determined by western blotting. K.
Stable formation of the LCK-PROTAC-cereblon ternary complex. An in vitro
AlphaLISA assay was performed to evaluate the stability of the ternary
complex.
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Figure 5.8: SJ11646 induces prolonged LCK suppression in vitro and in
vivo. Notes on the next page.
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Figure 5.8: SJ11646 induces prolonged LCK suppression in vitro and in
vivo continued. A. Study design of the in vitro drug wash-out assay. B-C
Viable cell number (B) and cell viability (C) were measured by automatic cell
counter. Arrows indicate the time when drugs were washed out. D. Schema
for in vivo pharmacokinetic and pharmacodynamic profiling of SJ11646 and
dasatinib. E-F. Western blotting for LCK and pLCK (Y394) in bone marrow
leukemia cells post treatment. Cells were collected 0, 2, 8, 24, 48 and 72
hours after drug administration. G-H. Quantification of LCK and pLCK
(Y394) levels normalized to GAPDH based on Western blots in Panels E and
F. Data are shown in mean and SEM (N=3). I-J. Pharmacokinetic and
pharmacodynamic modeling of SJ11646 and dasatinib in T-ALL xenografts.
Drug concentration in plasma was determined using LC-MS (right y-axis).
pLCK level was evaluated using Western blotting and is labeled on left
y-axes. Pharmacokinetic analysis was performed using one-compartment
model with first-order absorption and linear elimination. Blue curve and
shaded regions represent median, 10th and 90th percentile model estimated
pLCK levels. Black circles are measured plasma drug concentrations. Black
solid curve shows the median model estimated dasatinib (I) or SJ11646 (J)
concentrations.

dasatinib removal and returned to baseline level at 120 hours, whereas SJ11646-treated cells
remained completely void of pLCK for at least 240 hours (Figure 5.9).
Next, we characterized the in vivo pharmacokinetic and pharmacodynamic properties
of SJ11646, using PDX models of T-ALL, and also included dasatinib as for comparison. In
this experiment, we treated T-ALL bearing NOD.Cg-Prkdcscid Il2rgtm1Wjl /SzJ (NSG) mice
with a single intraperitoneal injection of dasatinib or SJ11646 at the same molar dosage
(10 mg/kg for dasatinib and 15 mg/kg for SJ11646). Plasma samples were collected to
measure drug clearance and leukemia cells were harvested from bone marrow to measure
LCK degradation and phosphorylation as the pharmacodynamic endpoints (Figure 5.8D).
Both dasatinib and SJ11646 exhibited relatively rapid clearance in vivo, with the t1/2 of
0.92 and 1.3 hours estimated using a one-compartment model. Cmax was also comparable
between the two with AUC at 1402 and 1382 ng·hour/mL, respectively. Upon injection, both
dasatinib and SJ11646 induced rapid and complete loss of pLCK (as early as 3 hours, Figure
5.8E-H). However, LCK phosphorylation started to recover 8 hours in dasatinib-treated
mice and returned to pre-treatment level at 48 hours. On the other hand, SJ11646 produced
a prolonged and complete suppression of pLCK lasting at least 24 hours post injection, with
concomitant degradation of LCK (Figure 5.8E-H).
Integrating the pharmacokinetic and pharmacodynamic data, we modeled the
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Figure 5.9: SJ11646 induces prolonged LCK inhibition in T-ALL cells. A-C.
KOPT-K1 cells were treated with dasatinib or SJ11646 at 100nM for 18 hours
before drugs were removed. Cells were then incubated in drug-free media
and proteins were harvested for LCK and pLCK (Y394) quantification. The
arrows indicate wash-out.

exposure-to-response relationship for both dasatinib and SJ11646. That is, we used pLCK
as a proxy marker for the net therapeutic effect, and this was then evaluated as a function
of plasma drug concentration. As Shown in Figure 5.8I-J, SJ11646 produced significantly
deeper and longer effects on pLCK than dasatinib given at the same molar dosage, despite
its slightly faster clearance. The maximal pLCK effect (Emax ) was 97% and 87% for SJ11646
and dasatinib, respectively, with an EC50 at 0.07 and 14.5 ng/mL and the duration of 50%
LCK inhibition of 52 and 8 hours. Therefore, a single injection of SJ11646 led to a degree of
LCK signaling suppression that was 630% longer than dasatinib.

5.2.6

SJ11646 Has Superior In Vivo Anti-leukemic Efficacy over Dasatinib

Because SJ11646 produced deeper and longer-lasting LCK suppression than dasatinib, we
reason that this would translate into a superior anti-leukemic effect in vivo. Using two
independent T-ALL PDX models, we tested both compounds as single-agent therapy and
monitored leukemia response over time. Leukemia-bearing mice were treated daily with
vehicle control or equal molar doses of dasatinib (10 mg/kg) or SJ11646 (15 mg/kg) for
eight weeks via intraperitoneal injection, while the level of human leukemia in peripheral
blood was measured weekly by using flow-cytometry (Figure 5.10A).
In both PDX models, dasatinib and SJ11646 repressed T-ALL growth with clear
efficacy measured as leukemia-free survival compared to vehicle-treated mice (Figure
5.10B-E). But importantly, SJ11646 showed significantly greater anti-leukemic efficacy than
dasatinib: by the time dasatinib-treated mice reached humane endpoint (75% blast), animals
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Figure 5.10: In vivo antileukemic efficacy of SJ11646 in T-ALL PDX models.
A. Schema of in vivo efficacy study. Primary T-ALL cells from two
independent PDX models were injected into NSG mice via the tail vein, and
mice were given vehicle control, dasatinb or SJ11646 via i.p. injection daily
starting three days post injection. Leukemia burden in peripheral blood was
monitored weekly three weeks after implantation. B-E. Anti-leukemia
efficacy of SJ11646 and dasatinib in two T-ALL PDX models. B, D. Leukemia
growth curve of PDX_1 (B) and PDX_2 (D). Leukemia growth was measured
by weekly flow-cytometry and shown as human leukemia blast%, with each
curve representing an individual animal (N=5). Shaded area indicates drug
treatment duration. C, E. Survival analysis of SJ11646- and dasatinib-treated
mice. The probability of survival was estimated for both PDX_1 and PDX_2
after treatment of SJ11646 or dasatinib. P-value was estimated with
Cox-regression (N=5).

51

Chapter 5. Developing LCK-targeting PROTACs as a Novel Therapy for T-ALL

52

Figure 5.11: SJ11646 treatment does not affect mouse bodyweight. A-B.
Bodyweight change of T-ALL PDX mice during treatment. Health status of
each mouse treated with vehicle, dasatinib or SJ11646 was monitored daily,
and bodyweight was measured every week. No mice treated with SJ11646
showed severe symptoms or dramatic weight loss.

on the SJ11646 arm showed only 12.9% and 0.9% blast in PDX_1 and PDX_2, respectively,
with marked increases in survival relative to dasatinib therapy (Figure 5.10B-E). Notably,
we did not observe any significant fluctuation in bodyweight or gross toxicities during daily
SJ11646 treatment in immune-deficient NSG mice (Figure 5.11). Taken together, the phenylglutarimide PROTAC SJ11646 has superior in vivo anti-leukemia efficacy than dasatinib.
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Chapter 6
Discussion and Conclusions

6.1

Discussion

The current treatment regimens for B- and T-ALL are largely consistent, even though the
biological basis differs between these two lineages (Raetz and Teachey, 2016). Given the
higher aggressiveness and inferior outcome of T-ALL, it’s important to discover lineagespecific therapies for this type of cancer. We observed and experimentally validated the link
between the LCK activation and dasatinib sensitivity in T-ALL, which suggested the potential of using dasatinib to target LCK in T-cell ALL. During T-cell development, preTCR-LCK
signaling serves as a gatekeeper at CD4/8 double negative stages, initiating a proliferative
signal which enables successful selection for TCR-β rearranged cells (Rothenberg, Moore,
and Yui, 2008). In various studies, this pro-proliferative preTCR-LCK signaling can in turn
become oncogenic and lead to T-cell leukemogenesis (Bellavia et al., 2002; Santos et al., 2006).
This type of T-cell leukemia expresses elevated preTCR-LCK signaling. TCF7-SPI1, for
example, induced T-cell differentiation blockade at DN3 stage where preTCR-LCK signaling
is highly activated (Yamasaki and Saito, 2007), rendering this type of T-ALL sensitive to
dasatinib.
By performing large scale drug screening, we found dasatinib sensitivity exists
in both B- and T-ALLs. However, the mechanism of drug sensitivity is different, with
the lineage-specific dependency on ABL1 and LCK in B- and T-ALL, respectively. JeanPierre Bourquin and colleagues have identified 30% T-ALL with strong sensitivity to
dasatinib with high dependency on SRC (Frismantas et al., 2017), another important target
of dasatinib. Compared with this study, our results evidently identified preTCR-LCK
signaling as the most distinguishable character in dasatinib-sensitive T-ALLs, coupled with
unbiased phosphorylation proteomic profiling. Importantly, we performed genome-wide
CRISPR/Cas9 screening and showed unifying LCK dependency across T-ALL with no
effect of other SRC family kinases being identified, which further proves that LCK is the true
driver for dasatinib sensitivity in this type of cancer. Other than LCK dependency, we also
identified other drivers for dasatinib response in T-ALL including BCL2 and BCL-XL. Both
BCL2 and BCL-XL are pro-survival molecules that bind to BAX and BAK, respectively to
prevent cells from undergoing apoptosis (Chao et al., 1995). During T-cell development, the
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dependency on BCL2 and BCL-XL shifts dynamically, which in turn affects drug response in
T-ALLs (Gratiot-Deans et al., 1994). For example, T-cells at early stages such as ETP tend to
depend on BCL2 (Chonghaile et al., 2014). Even though ETP T-ALLs are commonly resistant
to dasatinib, they exhibit high activity of BCL2 and are more sensitive to venetoclax, a BCL2
antagonist. Of note, BCL-XL activity is inversely correlated with BCL2 and follows the
same trend as LCK, which rises at DN3/4 stages. Furthermore, our scRNA-seq experiment
identified the intra-tumor heterogeneity of LCK, BCL2 and BCL-XL activity, which is
subsequently linked to dasatinib/venetoclax sensitivity. Subpopulations with high LCK
activity showed a DN3/4 T-cell gene expression signature and were sensitive to dasatinib.
On the contrary, subpopulations with low LCK activity showed an ETP gene expression
signature (high BCL2 activity) and were resistant to dasatinib. Based on this, it’s promising
to target both LCK and BCL2 with dasatinib and venetoclax/navitoclax for optimized
therapeutic effects.
Mutations in NOTCH1 and other genes related to NOTCH1 signaling (i.e., FBXW7)
were found in over 90% dasatinib-sensitive T-ALLs while the percentage was 50% in the
drug-resistant cases. During T-cell development, NOTCH signaling is highly activated
around DN3 stage, consistent with preTCR-LCK signaling (Rothenberg, Moore, and Yui,
2008). It’s possible that oncogenic NOTCH signaling promotes preTCR-LCK signaling
before DN3 stage, which eventually leads to T-cell differentiation blockade and dasatinib
sensitivity.
It’s noteworthy that the frequency of dasatinib-sensitive T-ALL cases is higher in
pediatric than adult cohort. To further validate that, we analyzed gene expression dataset
from an independent T-ALL cohort (37 adult and 191 pediatric cases). By applying NetBID
analysis, we found pediatric T-ALLs had higher dasatinib sensitivity scores than adult cases
(Piovan et al., 2013), suggesting a higher predicted sensitivity in children. Interestingly,
when comparing dasatinib sensitivity between T-ALL subtypes, dasatinib-sensitive cases
tend to be associated with TAL1 and TAL2 subtype while dasatinib-resistant cases are more
related to HOXA and LMO2/LYL1 subtypes. Further analysis showed T-ALL subtypes
are also associated with age, suggesting the differential representation of T-ALL subtypes
between age groups can affect T-ALL sensitivity to dasatinib.
Recent advances in uncovering the molecular mechanisms in T-ALL oncogenesis
have provided comprehensive description of the genomic abnormality landscape (Girardi
et al., 2017; Liu et al., 2017). Our ex vivo drug sensitivity screening has identified a subtype
of T-ALL cases with exquisite sensitivity to dasatinib, an ABL1 inhibitor (Gocho et al.,
2021). As described in Chapter 3, coupling pharmacotyping drug screening and networkbased genomic analysis, we identified preTCR-LCK activation as a novel ABL-independent
mechanism of dasatinib sensitivity in T-ALL (Gocho et al., 2021). Targeting LCK by dasatinib
has proven to be therapeutically efficient in inhibiting T-ALL in vitro and in vivo, making
dasatinib an exciting new approach to treat patient with this type of cancer.
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Since dasatinib has been approved for treating patients with BCR-ABL1 positive CML
and ALLs, the toxicity of dasatinib was proven highly tolerable (Slayton et al., 2018). It’s
attractive to develop dasatinib-based therapies for T-ALL patients. Several pharmacokinetic
studies have described the exposure of dasatinib in patients with BCR-ABL1 CML or BALL (Cmax ranging from 100 to 200 ng/ml [200 to 400nM]) (Aplenc et al., 2011; Broniscer
et al., 2013; Zwaan et al., 2013). Dasatinib at these concentrations is likely to produce
sufficient suppression of T-ALL given the mean LC50 of T-ALL is 6.04nM, much lower than
the achievable plasma concentration. Since dasatinib has shown sufficient anti-leukemia
activity in T-ALL PDX mouse model, it’s plausible that dasatinib can deliver sufficient
exposure to effectively inhibit LCK in T-ALL. Further pre-clinical pharmacokinetic and
pharmacodynamic studies are needed to evaluate the exposure to response relationship of
dasatinib in T-ALL.
To push dasatinib to the clinic use for T-ALL patients, we performed pre-clinical
pharmacokinetic and pharmacodynamic studies using PDX mouse models to predict the
exposure and response in T-ALL patients. Our mouse PK modeling indicated the equivalent
dasatinib dosage in mouse study can produce similar exposure in patients. Our PD modeling predicted that dasatinib can induce similar levels of LCK and BCR-ABL1 inhibition
at the same dosage. These may justify the use of dasatinib in patients with LCK-activated
T-ALL at similar level of dasatinib dosage for patients with BCR-ABL1 positive leukemias.
Even pLCK and pBCR-ABL1 showed similar dynamics in response to dasatinib,
dasatinib could not induced 100% LCK inhibition, and the duration of inhibition was shorter
than BCR-ABL1. This might be resulted from the different experimental settings. In our
study, we used T-ALL PDXs in which phosphorylation is normally more difficult to measure.
Additionally, the particular T-ALL sample wasn’t the most sensitive to dasatinib, which
might not express the highest LCK activity. This overall lower basal LCK phosphorylation
may lead to unsensitive measurement, which in turn affected the PD modeling. Other
than the tumor models, the drug formulation and means of tumor inoculation were also
different, further enlarging the variabilities between the two studies. In fact, dasatinib has
shown promising therapeutic efficacy in T-ALL PDX models at the dosages we used for our
PK and PD study, emphasizing the potential of using this agent in T-ALL therapy. Despite
the considerable exposure and LCK inhibition in the pre-clinical study, dasatinib could only
deliver a transitory effect on LCK. This is likely because of its occupancy-driven mechanism
of action (Pettersson and Crews, 2019). Small molecule inhibitors such as dasatinib need to
consistently bind to the inhibitory sites of their target kinase and requires their extended
presence to maintain the inhibitory effect. This continuous dosing schedule is clinically
cumbersome and may lead to toxicity. Therefore, novel approaches are needed to induce
sustained LCK inhibition in T-ALL.
Targeted protein degradation by exploiting the ubiquitin proteasome system has
emerged as a novel paradigm in drug discovery across therapeutic areas. Focusing on
T-ALL, we developed a series of PROTACs to target oncoprotein LCK using dasatinib as

Chapter 6. Discussion and Conclusions

56

the bait and phenyl-glutarimide as the cereblon binder. Lead PROTAC SJ11646 elicited
efficient proteolysis of LCK in T-ALL cell line and PDX models, with markedly improved
anti-leukemic effects in vitro and in vivo relative to dasatinib. Importantly, our preclinical
pharmacokinetic and pharmacodynamic studies indicate that SJ11646 targets LCK for
degradation in a super-stoichiometric fashion, thus enabling its prolonged therapeutic
effects. These PROTACs are potentially exciting therapeutic agents in T-ALL but also
valuable tools for study the chemical biology of oncoprotein LCK in benign and malignant
hematopoiesis.
Compared to IMiD-based PROTAC which was designed for BCR-ABL1 targeting,
our PG-based PROTAC exhibited considerably higher degradation of dasatinib target LCK.
The enhanced protein degradation activity may be due to 1) higher affinity between PG
and cereblon, 2) optimized linker that facilitate closer protein-protein interaction.
PROTACs are known to have inferior drug-like properties, including larger molecular
weight, more hydrogen donors and acceptors etc., producing less favorable pharmacokinetic
profiles (Churcher, 2018; Cantrill et al., 2020). Indeed, we also noted a lower Cmax or AUC
of SJ11646 than dasatinib with a slightly higher t1/2 after the initial dosing. However, unlike
dasatinib whose exposure is tightly associated with response, mice treated with SJ11646
maintained minimal level of LCK long after drug molecules exited systemic circulation.
This prolonged pharmacodynamic effect translated to superior leukemia-free survival,
but also raises concerns about increase in toxicity. Encouragingly, we found that SJ11646
was not any more cytotoxic than dasatinib in CD34+ cells and normal mononuclear cells
in blood. We reason that T-ALL has a much higher dependency of LCK than normal T
cells, and therefore LCK removal achieved by SJ11646 did not affect T cell viability in a
substantial fashion. Another reason could be the relatively lower expression of CRBN in
these hematopoietic cells, which reduces the degradation activity of the PROTAC. That said,
more systematic toxicity evaluations are warranted in the future (i.e., in vivo toxicology study
with humanized mouse model (Fink et al., 2018)). For example, dasatinib has been linked
to T cell inactivation during immunotherapy (Mestermann et al., 2019), and this should be
examined carefully with LCK PROTAC. A potential strategy to overcome PROTAC toxicity
is to take advantage of tissue-specific expression of different E3 ligases. By selecting a
tumor-specific E3 ligase and replacing phenyl-glutarimide with the corresponding ligand,
we can improve therapeutic effects in malignant cells while minimizing the toxicity to
normal tissues.
It was surprising that SJ11646 almost completely retained the kinase selectivity of
dasatinib, given the addition of linker and the phenyl-glutarimide moieties. But on the other
hand, this also suggests that our PROTAC may be effective in targeting a great number
of kinases beyond LCK. Particularly notable are ABL1 (for CML and Ph+ ALL) (O’Hare
et al., 2005), KIT (for gastrointestinal stromal tumor) (Lasota and Miettinen, 2008), and
DDR1 (for several types of solid tumors) (Quan et al., 2011; Ambrogio et al., 2016; Hur
et al., 2017; Shariati et al., 2021). There is growing interest in developing dasatinib-based
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PROTACs for BCR-ABL1 degradation as PROTACs can abolish the potential scaffolding
function of this fusion protein (Lai, Toure, et al., 2016; Zhao et al., 2019; Jin et al., 2020; Tong
et al., 2020; Y. Yang et al., 2020). However, dasatinib-based PROTACs reported thus far
rarely exhibited superior, activity than dasatinib. Our phenyl glutarimide-based PROTAC
showed enhanced cytotoxicity in BCR-ABL1 positive SUP-B15 cells, pointing to its potential
value in treating BCR-ABL1 positive cancers. Further studies will be required to confirm
the therapeutic effects of SJ11646 in these cancers, and it remains unclear whether it would
produce better efficacy than dasatinib as seen in T-ALL.

6.2

Conclusions

In this dissertation, we first identified preTCR-LCK activation as a therapeutic vulnerability in T-ALL by combining our ex vivo systems pharmacotyping, network-based analysis,
phospho-proteomics, genome-wide CRISPR screening, and scRNA-seq (Aim 1). Dasatinib
showed promising therapeutic effect in T-ALL by inhibiting LCK. The sensitivity to dasatinib is associated with T-ALL differentiation stages where leukemogenesis happens (Aim
1). Lastly, LCK and BCL2 are negatively correlated in T-ALL at single-cell level, pointing to
the therapeutic value of targeting both LCK and BCL2 in T-ALL (Aim 1).
Next, our pre-clinical pharmacokinetic and pharmacodynamic study has indicated
that dasatinib can produce desirable exposure in patients. The human equivalent dosages
of dasatinib we used for in vivo study is sufficient to induced LCK inhibition to a similar
extend as BCR-ABL1, justifying the use of dasatinib in T-ALL patients at similar dosages
used for BCR-ABL1 positive leukemias (Aim 2).
Finally, we designed, synthesized and pre-clinically evaluated a series of LCKtargeting PROTACs using dasatinib as LCK binder and phenyl glutarimide as the E3 ligand.
Our lead compound SJ11646 exhibited dramatically improved LCK inhibition efficiency and
cytotoxicity selectively in LCK-activated T-ALL cells (Aim 3). Our in vivo pharmacokinetic
and pharmacodynamic studies suggested a deeper and longer-acting LCK inhibition which
translated into superior anti-leukemia activity than dasatinib and prolonged the survival of
T-ALL PDX models (Aim 3). SJ11646 retained the selectivity of dasatinib which can target a
wide range of tumor-specific kinases such as KIT and DDR1, pointing to a potential value
of using this molecule for therapy and mechanistic studies of other diseases.
In summary, this doctoral dissertation explained the biological basis of dasatinib
sensitivity of T-ALL including LCK-preTCR activation, T-ALL maturation stages, and intraleukemia heterogeneity; pre-clinically predicted the optimal dosages of dasatinib to be used
in patients with T-ALL; developed a novel and highly efficient approach to therapeutically
target LCK in T-ALL, which showed superior anti-leukemia activity than dasatinib in T-ALL.
Taken together, this work expanded the knowledge of targeted therapies for T-cell acute
lymphoblastic leukemia and may translate to therapies for many other diseases.
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