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Abstract

Despite significant progress in understanding the genetic landscape of T-cell acute lymphoblastic
leukemia (T-ALL), the discovery of novel therapeutic targets has been difficult. Our results
demonstrate that the levels of PIM1 protein kinase is elevated in early T-cell precursor ALL (ETP-
ALL) but not in mature T-ALL primary samples. Small molecule PIM inhibitor (PIM/) treatment
decreases leukemia burden in ETP-ALL. However, treatment of animals carrying ETP-ALL with
PIM/was not curative. To model other pathways that could be targeted to complement PIM/
activity HSB-2 cells, previously characterized as a PIM/sensitive T-ALL cell line, were grown in
increasing doses of PIM/. Gene Set Enrichment Analysis of RNA-seq data and functional
enrichment of network modules demonstrated that the HOXA9, mTOR, MYC, NF-xB, and PI13K-
AKT pathways were activated in HSB-2 cells after long-term PIM inhibition. Reverse phase
protein array-based pathway activation mapping demonstrated alterations in the mTOR, PI3K-
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AKT, and NF-xB pathways, as well. PIM/tolerant HSB-2 cells contained phosphorylated RelA-
S536 consistent with activation of the NF-xB pathway. The combination of NF-xB and PIM
inhibitors markedly reduced the proliferation in PIM/resistant leukemic cells showing that this
pathway plays an important role in driving the growth of T-ALL. Together these results
demonstrate key pathways that are activated when HSB-2 cell line develop resistance to PIM/and
suggest pathways that can be rationally targeted in combination with PIM kinases to inhibit T-ALL
growth.

Introduction

T-ALL is an aggressive hematopoietic malignancy that is treated by intensive chemotherapy
(1). To improve risk stratification, T-ALL patients are classified into distinct subtypes via
immunophenotyping and gene expression analysis (2,3). ETP-ALL is a high-risk subtype of
T-ALL with a unique immunophenotype including myeloid and early progenitor in addition
to T-cell lineage markers (4). Whole-genome and transcriptome sequencing of ETP-ALL
reveals several activating gene fusions, alterations, and mutations within IL7R and JAK-
STAT pathways that could result in constitutively activated tyrosine kinases (5-7), whereas
non-ETP or mature ALL often display mutations in PI3K/AKT and NOTCH signaling
pathways (8). Despite the advances that have been made in decoding the genetic background
of T-ALL, the translation of novel targeted therapies towards clinical practice has remained
elusive (8).

Our group and others have shown that the PIM (Provirus Integration sites for Moloney
murine leukemia virus) kinase is a potential target in T-ALL (9-13). Recently, two studies
identified a similar TCRB-PIML1 translocation in T-ALL patients that is essential for aberrant
activation of PIM1 kinase (12,13). The PIM kinases are a highly conserved family of three
serine/threonine kinases involved in cell-cycle, apoptosis, transcription, translation, cell
metabolism, and drug resistance through phosphorylation of downstream targets (14-16).
PIM kinase levels are increased by cytokines that stimulate JAK-STAT signaling (17).
Previously, we reported that PIM1 is overexpressed in ETP-ALL and a small percentage
non-ETP ALL patient-derived xenografts (PDXs) (10), suggesting that this kinase may be an
ideal therapeutic target. Using ETP-ALL PDXs, we demonstrate the PIM/activity in this
disease. To learn more about the signal transduction pathways that are essential for T-ALL
cells to survive and potentially complement PIM/, we have modeled the pathways that are
activated using both proteomic and transcriptomic approaches when cells develop resistance
to these inhibitors. A key finding from these analyses is that PIM/resistant cells contain an
activated NF-xB pathway. The combination of NF-xB and PIM inhibitors therapy
suppresses T-ALL growth, suggesting an approach that can be investigated to improve
therapy for a subset of T-ALL patients with increased PIM kinase activity.

Materials and Methods
T-ALL PDXs engraftment in NCG (NOD CRISPR Prkdc I12r i) mice

All in vivo experiments were conducted on protocols approved by the Institutional Animal
Care and Use Committee of the University of Arizona. De-identified T-ALL PDXs were
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supplied by Children’s Cancer Institute, Children’s Oncology Group, and St. Jude
Children’s Research Hospital. These PDX samples had previously been characterized by
gene expression profiling, whole exome or genome sequencing, or targeted sequencing of a
gene panel (7,18). NCG mice were irradiated and inoculated by tail-vein injection with 5
million cells per 100 uL PBS. Mice were monitored for leukemia engraftment by
flowcytometric analysis of peripheral blood using antibodies against human and mouse
CD45. At necropsy, spleens were minced, and mononuclear cells were cryopreserved for
subsequent experiments.

Human T-ALL cell lines and cell culture

T-ALL cell lines including HSB-2, SUP-T1, DU.528, CUTLL1, KOPT-K1 and HPB-ALL
were a kind gift of Dr. Jon C. Aster (Brigham and Women’s Hospital, Harvard University)
and cultured in RPMI supplemented with 2 mmol/L Glutamax and 10% fetal bovine serum.
All cell lines were maintained at 37°C in 5% CO2 and were authenticated by short tandem
repeat DNA profiling performed by the University of Arizona Genetics Core Facility. The
cell lines were routinely tested for mycoplasma and used for fewer than 50 passages.

Derivation of PIMi Resistant HSB-2 cells

PIM/resistance in HSB-2 cells was induced by growing cells in the presence of increasing
concentrations of AZD1208 (AZDR1 and AZDR?2) or LGB321 (LGBR2) over a 4-month
period until resulting cell populations were able to maintain their growth in 1 uM AZD1208
or LGB321. While the HSB-2 naive cells had an IC50 < 1uM, all resistant populations had
IC50s > 10 uM when incubated with AZD1208 or LGB321 over the 3-day XTT growth
study.

Establishment of xenograft models

Xenograft models were established as described previously (7). All experiments were
conducted on protocols approved by the Institutional Animal Care and Use Committee of
the University of Arizona. For efficacy studies, sub lethally irradiated (2.0 Gy) NCG mice
(Charles River) were randomized to treatment or vehicle (5 mice per arm) once xenografts
had engrafted with sufficient disease burden to detect 1% peripheral human CD45 positive
cells. PIM/ (AZD1208; 30 mg/kg) or Vehicle was administered for the entire 3-week
treatment period by oral gavage. AZD1208 was formulated using a Cremophore/
Ethanol/PBS — 24/6/70 ratio. Studies were terminated, and mice were euthanized after 3
weeks of treatment. Peripheral blood (PB), spleen and bone marrow (BM) were harvested at
the time of necropsy. Disease burden was assessed every 4-5 days by flow cytometric
measurement of human CD45 positive cells in PB, and at necropsy by measuring leukemia
burden by analyzing the percent of human CD45 positive cells in PB, Spleen, and BM by
flow cytometry.

Cell viability assay

Cryopreserved PDX cells were thawed at 37°C and washed in RPMI-1640 media
supplemented with 10% FBS, 100 mg/mL streptomycin, 100 U/mL penicillin, and 2 mmol/L
L-glutamine. After centrifugation (500 x g for 5 min) and a second wash, cell viability was
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determined using Trypan blue exclusion assay. Cells were resuspended at the appropriate
cell density in QBSF-60/F [containing QBSF-60 media (Quality Biological) supplemented
with 20 ng/mL Fms-like tyrosine kinase 3 ligand (Flt-3L; ProSpec), 100 U/mL penicillin,
100 mg/mL streptomycin, and 2 mmol/L L-glutamine]. T-ALL PDX cells (5x10* cells/well)
were seeded into 96-well plates and treated with PIM/(AZD1208 and LGB321) as
indicated. DMSO was added to keep concentrations of DMSO (<0.1%) equal in all wells.
After 72 h, cell viability was measured by using an adenosine triphosphate-based
luminescence assay (ATPlite 1-step; PerkinElmer) according to the manufacturer’s protocol.
Because PDX cells do not proliferate in these conditions, this assay reflects cell survival
only. The survival of DMSO control cells was considered as 100% and percent of cell death
after individual treatments is reported relative to the DMSQO control.

Quantitative Real Time-PCR

To assess the differential expression of genes related to development of PIM /resistance in
HSB-2 cells, total RNA was isolated the RNeasy kit (Qiagen, Cat#74104). cDNA was
synthesized from 1 pg RNA using the iScript cDNA synthesis kit (Bio-Rad, Cat#1708890)
according to the manufacturer’s instructions. Real-time PCR amplification and analysis were
conducted using the SsoAdvanced™ Universal SYBR® Green Supermix (Bio-RAD,
Cat#1725271) and CFX96 Real-Time System. Samples were assayed in triplicate and RNA
levels were normalized to 18S expression levels. Primer sequences for real-time PCR are
provided in the Supplementary Table S1.

Antibodies and Reagents

The following antibodies were purchased from Cell Signaling Technology: anti-phospho-
IRS1 (S1101 Cat # 2385), anti-phospho-S6 (S240/244, Cat # 5364), anti-phospho-TSC2
(S939 Cat # 3615), anti-TSC2 (Cat # 3990), anti-PTEN (Cat # 138G6), anti-Phospho-NF-kB
p65 (S536 Cat # 93H1), anti-NF-kB p65 (Cat # D14E12), anti-phospho-4EBP1 (S65 Cat #
13443), anti-4EBP1(Cat # 9644), and anti-phospho-GSK3p (S9, Cat # 5558). Anti-IRS1
(Cat # 06-248) antibody was purchased from Merck Millipore. Anti-DDIT4 (Cat#10638-1-
AP) and anti-SESN2 (Cat # 10795-1-AP) antibodies were purchased from ProteinTech
Group. HRP conjugated anti-B-actin (Cat # A3854) was purchased from Sigma. HRP-linked
mouse IgG (Cat # NA931V) and rabbit IgG (Cat # NAV934V) were purchased from GE
Healthcare Life Sciences. 1gG (Isotype control Cat # 400107), FITC conjugated anti-human
CD45 (Cat # 304006), and APC conjugated anti-mouse CD45 (Cat # 103112) were
purchased from BioLegend. Anti-S6 (Cat # SC74459) antibody was purchased from Santa
Cruz laboratories. LGB-321 (Cat # A14420), AZD1208 (Cat # A13203), and IKK16 (#
A12836) were purchased from Adooq bioscience. TNF-a (Cat # PHC3015) was purchased
from Fisher scientific.

Supplementary Methods include a description of the Western Blot, RNA-Seq data analysis,
GSEA analysis, RPPA, Active module analysis, Lentiviral production, the NF-xB reporter
assay, and Statistics.
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Results

PIM kinase inhibition decreases leukemia burden in ETP-ALL PDXs

We have examined the level of three PIM isoforms in six ETP-ALL and four mature T-ALL
PDXs. Importantly, gRT-PCR of these ten PDXs demonstrated that PIM1 expression, but not
PIM2 or PIM3, was elevated specifically in ETP-ALL and not in the mature T-ALL PDXs
(Figure 1A). PIM1 protein expression was high in ETP-ALL as compared to mature T-ALL
PDXs (Supplementary Figure S1A) and PIM1 expression was correlated with STAT5
activation. This result suggested that the PIM1 could be targeted to inhibit ETP-ALL
growth. To examine whether these PDXs are sensitive to PIM/, the cells were incubated with
two pan-PIM inhibitors AZD1208 (19) or LGB321 (20). LGB321 is a tool compound
related to Pim447, which is being used to treat patients (21). PIM/suppressed ETP-ALL
growth by 25 to 50% while the effects on more mature T-ALL PDXs was significantly less
(Figure 1B).

To evaluate the PIM/ability to block leukemic growth /in vivo, ETP13 PDXs were injected
intravenously into NCG mice. ETP13 PDX was selected for testing because of the ability of
this PDX to rapidly engraft in the mice (Supplementary Figure S1B), and its intermediate
PIM1 expression. Mice were treated with AZD1208 (10) or vehicle once daily for a duration
of 3 weeks Supplementary Figure S1C) without significant change in body weight
(Supplementary Figure S1D). Our results demonstrate markedly decreased hCD45 positive
leukemic cells in the peripheral blood (PB) (~ 70% decrease; Figure 1C and Supplementary
Figure S1E), spleen (~ 50% decrease; Figure 1D), and bone marrow (BM) (30% decrease;
Figure 1E) from the AZD1208 treated mice when compared to the vehicle. The modest
response of PIM/in BM suggest a possible nutrient rich microenvironment in the BM that
might activate compensatory signaling pathways in these leukemic cells (22) and protect
from Pim/ In addition, AZD1208 treated mice showed reduced spleen size (Supplementary
Figure S1F) and a red colored BM (Supplementary Figure S1G) indicating re-establishment
of normal hematopoiesis and decreased leukemic burden. Western blot analysis of total BM
cells collected after 3 weeks of drug treatment (Figure 1F) showed a significant decrease in
IRS1 phosphorylation, a PIM kinase substrate, demonstrating PIM/ activity in the bone
marrow cells of these mice (23). As expected from our previous results (10) PIM/treatment
also decreased mTORCL signaling as shown by decreased S6 and 4EBP1 phosphorylation
levels. These results supported the potential use of PIM/treatment to decrease tumor load in
ETP-ALL patients.

Long-term PIM inhibition in HSB-2 cells exhibit altered gene and protein expression

The observation that after three weeks of treatment, leukemic cells remained in the BM and
spleen suggested that there were additional pathways being stimulated, which continued to
support T-ALL growth even when the PIM kinases were inhibited. To model the
biochemical nature of these pathways, previously characterized PIM/sensitive T-ALL cell
line HSB-2 (10) was grown in the presence of increasing concentrations of AZD1208 or
LGB321 until the cell populations grew continuously in 1uM AZD1208 or LGB321.
Previously, we have shown this cell line has gene-expression signature that is consistent with
other ETP-ALL cells (10). The approach used to develop PIM/resistance cells was based on
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published study examining resistance to a NOTCH inhibitor in T-ALL (24). Elevated levels
of LCK expression secondary to t(1;7)(p34;934) chromosomal translocation is found in the
HSB-2 cells (25). However, using six T-ALL cell lines, we showed that the PIM/ sensitivity
was independent of LCK expression (Supplementary Figure S2A-B). Sensitivity to PIM/in
HSB-2 cells is comparable to that found in DU.528 and KOPT-K1 cell lines that do not have
LCK translocation. Our group and others have shown (10,26,27) in various cancers that
PIM/ sensitivity is correlated with the level of PIM expression. We did not observe any
correlation between PIM/ sensitivity (Fig. 1B) and LCK expression in T-ALL PDXs as
shown in Supplementary Figure S2C. While the HSB-2 naive cells had an 1C50 of less than
1uM for these drugs, the drug-tolerant cell lines had 1C50 values greater than 10uM with
either resistance to AZD1208 (AZDR1 and AZDR2) or LGB321 (LGBR2) (Figure 2A and
2B). The drug-tolerant cell lines behaved similarly to the mature T-ALL cell line, SUP-T1
which is in-sensitive to PIM/ (10), suggesting that they likely had alternate pathways
activated that maintained their growth even when incubated with the inhibitor. Like in
HSB-2 naive and SUPT1 cells incubated short term with PIM kinase inhibitor (24h), PIM/
resistant cell lines demonstrated a complete blockade of IRS1 phosphorylation. Importantly,
this indicated that incubation with AZD1208 or LGB321 either short or long term blocked
Pim kinase activity (28), thus demonstrating that the drug was entering into these resistant
cells. However, PIM/treatment reduced mTORC1 activity only in HSB-2 naive cells where
growth is inhibited, but not in PIM/resistant cell lines or the naturally insensitive SUPT1
cells (Figure 2C, Supplementary Figure S2D). These results suggest that mMTORC1 plays a
role in resistance to the PIM/while IRS1, although a good PIM kinase substrate did not
regulate cell growth when the Pim pathway was blocked. This result demonstrates that,
when Pim is inhibited the mTORC1 is critical to maintain cell growth and thus could be
targeted as part of a long-term combination treatment strategy.

To further understand the differences between naive and resistant cell lines, we performed
RNA-sequencing on HSB-2 naive and AZDR1 cells finding 3,346 genes differentially
expressed (FDR<0.05). To evaluate the function of these expression changes, we used the
2225 genes with highest significance (FDR<0.01) as input for hierarchical clustering (Figure
2D). Silhouette width analysis on the resulting dendrogram indicated that the optimal
number of clusters is 2 (Supplementary Figure S3A-C). These clusters were enriched for
genes in RNA processing, immune response, inflammatory response, and cell migration
(Supplementary Table S2). Further cutting the tree down (at height of 2) led to 14 clusters,
and Gene Ontology (GO) analysis showed that upregulated genes in AZDR1 cells were
enriched for mitochondrial DNA repair, leukocyte differentiation, T follicular helper cell
differentiation, and RNA processing genes. In contrast, genes involved in ephrin receptor
signaling pathway, immune response, lymphocyte activation, NF-xB signaling, and
glycolysis were down-regulated (Figure 2D and Supplementary Table S3). We note that GO
gene sets include both activators and inhibitors of the annotated process, so up- or down-
regulation of the mRNA expression values does not necessarily correspond to activation or
repression of the corresponding signaling pathway but suggests these pathways are modified
in cells after long-term PIM inhibition. We validated the RNA-seq results by performing
gPCR on genes with the most significant (FDR<1x10717) change in mRNA expression and
demonstrated that BMPR1B, WNKZ2, SCEL, and DEFAG6 genes were upregulated, whereas
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HKDC1 and DDIT4 were downregulated in AZDR1 compared to naive HSB-2 cells
(Supplementary Figure S3D).

Activation of mTOR, MYC, and disruption of NF-xB and HOXA9 signaling in long-term PIMi
treated HSB-2 cells

In addition to clustering the differentially expressed genes, we used Gene Set Enrichment
Analysis (GSEA) to compare global gene expression in HSB-2 naive and AZDR1 cells.
Genes were ranked by differential expression p-value and by up- or down-regulation and
assessed for enrichment in curated canonical pathways and oncogenic signatures
(Supplementary Table S4). In agreement with published studies (13,29), in AZDR1 cells
glycolysis was significantly changed while cell cycle related processes were up-regulated
(Supplementary Figure S4 and S5A, and Supplementary Table S4). Similarly, expression of
genes in pathways such as JAK-STAT, mTOR, MAPK, and cytokine signaling were
significantly altered in AZDR1 cells suggesting that continued PIM/treatment is associated
with major changes in the signal transduction pathways that regulate cell survival and
growth. GSEA identifies these pathways as key to the survival of HSB-2 cells.

To discover cancer drivers that may not themselves be altered at the mRNA level, but might
cause the observed changes in gene expression, we carried out GSEA using the “oncogenic
perturbation” gene sets in MSigDB (30). We found evidence that several oncogenic
pathways were activated in AZDR1 cells, including mTOR, HOXA9, RelA and MYC.
(Figure 3, Supplementary Figure S5B-E, and Supplementary Table S5). A recent study
showed increased HOXA9 expression in T-ALL cases with JAK-STAT activation, and in
these cases PIM kinase was identified as a possible drug target (11). RelA (NF-xB P65) is a
major subunit of NF-xB and its activation has been shown to promote survival in leukemic
cells (31). MYC and PIM kinase activities are known to be regulated similarly. MYC
overexpression is a common driver of many hematological cancers (32,33). Together these
results identify multiple compensatory pathways that are activated in cells surviving after
prolonged PIM/treatment.

Active network module analysis reveals PIMi resistant cells have an active protein complex
enriched with cancer-associated signaling pathways

We identified “modules” of interacting proteins that are transcriptionally dysregulated in
AZDR cells. Using the active network modules approach (29), we overlaid adjusted p-values
from the RNA-seq differential expression results comparing drug resistant and vehicle
treated HSB-2 cells over the STRING protein-protein interaction network (34). We then
applied the jActiveModules algorithm to find differentially expressed protein complexes
(35). Figure 4A shows the statistically significant ANM that was identified.

We next tested the genes in the ANM for functional enrichment in KEGG pathways (34).
Using this approach many pathways that are found activated in tumor cells, including
MAPK, PI3K-AKT, NF-xB, p53, glycolysis, and apoptosis were among the most enriched
pathways (Figure 4B; Supplementary Table S6). This set of pathway enrichments in the
ANM is consistent with results in different tumor types (13,29,36,37). It is possible that the
protein-protein network from any literature-based database, including STRING, could be
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biased towards known cancer pathways. To check for such a bias, we simulated data by
randomly assigning p-values to sets of genes in the RNA-seq data and performed
JActiveModules search to show that the results above could not have arisen through intrinsic
bias in the PPI network (Supplementary Figures S6A-D and Supplementary Tables S7-10).
The ANM approach allows the discovery of not only enriched pathways, but also reveals
new pathway members that are not altered at the mRNA level but interact strongly with
genes that are differentially expressed. These proteins identified in HSB-2 cells could be
important candidates for further study of essential signaling in T-ALL with high PIM1
expression (Figure 4A).

Long-term PIM inhibition in cells exhibit protein level alterations in mTOR, PI3K-AKT, and
NF-xB signaling

To gain a deeper insight into the functional relationship between PIM /~-dependent tumor
suppression and the development of drug-tolerance, we measured the relative expression/
activation levels of 200 proteins and phosphoproteins using Reverse Phase Protein Arrays
(RPPA). A pair-wise differential abundance analysis between five treatment groups
compared HSB-2 naive or short-term (AZD1pM / LGB1uM) to long-term (AZDR1/
LGBR2) PIM/treated cells (Figures 5A-D). When compared to naive cells, the long-term
PIM/treated cells exhibited differential abundance of 79 proteins in AZDR1 and 95 proteins
in LGBR2 (Figure 5A, C). When compared to the short-term PIM/treated cells, only 17
proteins in AZDR1 and 9 proteins in LGBR2 were differentially abundant (FDR<0.05;
Figure 5B, D). This pattern was visualized by volcano plots (Figures 5A-D and
Supplementary Tables S11-14).

In comparison to naive cells, long-term PIM/treated cells demonstrate significant changes in
the abundance/activation state of various phospho-proteins, for example GSK3, NF-xBp65
(RelA), Tyk2, Rb, and ErbB2, and changes in total proteins including LAMP2, TGF,
PTEN, and TNFa. As predicted from our previous studies and those of others, ERK
phosphorylation at the T202/Y204 sites (9,10) was significantly upregulated in HSB-2 cells
after long-term PIM inhibition. Both TNF-a. and TGF-p protein levels were increased in
AZDR1 and LGBR2 cells (Figure 5A, C and Supplementary Tables S11, S13), and TGFB
levels were also induced in HSB-2 cells after short-term PIM/treatment (Figure 5B, D and
Supplementary Tables S12, S14), suggesting a possible compensatory mechanism that might
maintain PIM kinase levels.

We then validated RPPA data comparing HSB-2 naive and PIM/short and long term treated
cells by Western blot (Figure 5E). We found an increased expression of NF-xB and
activation of the AKT pathway possibly induced by decreased PTEN levels. Activated AKT
after long-term PIM inhibition caused an increase in GSK3p phosphorylation in these
resistant HSB-2 cells. Activation of the AKT pathway after long-term PIM inhibition has
been noted previously in other cell types (36). The protein levels of DDIT4 and SESN2
(both negative regulators of mMTORC1) were downregulated and TSC2 phosphorylation was
increased in long-term PIM/treated cells. The observation that the mTORC1 pathway was
activated as part of PIM/resistance was consistent with our finding in cell culture and on
RNA-seg. In comparison, short-term PIM/treatment of naive HSB-2 cells showed
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significant suppression of mTORCL1 signaling (Figure 2C) while in AZDR1, AZDR2, and
LGBR2 cells PIM/ treatment showed no effect on this pathway.

We observed that the differentially abundant proteins in long-term PIM/treated cells found
by RPPA were significantly enriched in the ANM constructed from transcriptomic data (p-
value = 0.0211 by hypergeometric test), with the overlapping proteins including NOS3,
IGF1R, PDK1, PRKCD, STAT4, and CASP3. Therefore, both the gene and protein
expression changes in long-term PIM/ treated cells converge on common biological
functions.

Targeting NF-xB signaling overcomes resistance to PIM inhibitor treatment

Computational analysis of both RNA-seq and RPPA data indicated activation of signaling
pathways including EGFR, HOXA9, mTOR, MYC, NF-xB, and PI3K-AKT after long-term
PIM inhibition in HSB-2 cells. In other cell types, the EGFR, mTOR, and PI3K-AKT
pathway activity have been closely associated with PIM/ resistance (36—-38). However, the
NF-xB activation has not previously been identified. After 48h PIM/treatment, HSB-2 cells
exhibited a significant increase in the phosphorylated form of RelA (NF-xB P65) on S536.
This modification denotes transcription factor activation (Figure 5F, G). As seen on the
RPPA, the heightened level of NF-xB-S536 phosphorylation was maintained during long-
term PIM inhibition with either AZD1208 (F5 15=24.57, p-value=1.85x107°) or LGB321
(F2,15=17.43, p-value=0.00012) (Figure 5F, G). This result is consistent with the RNA-seq
analysis which also identified increases in RelA in HSB-2-AZDR cells.

A possible mechanism that could maintain NF-xB activity in PIM/treated HSB-2 cells is the
autocrine secretion of growth factors that activate signaling pathways that stimulate NF-xB.
To test this possibility, conditioned media (CM) from HSB-2 naive or AZDR1 or LGBR2
cells was incubated with HEK-293T cells stably expressing lenti-NF-xB-luc-GFP (39). The
CM from long-term PIM/treated cells showed a two to three-fold increase in NF-xB
activation compared to CM from naive cells (Figure 6A and Supplementary Figure S7A).
Addition of a selective 1xB kinase (IKK) inhibitor, IKK16 (40,41) to the CM, inhibited
activation of this reporter. TNF- a addition to these 293T cells increased NF-xB driven
luciferase activity while the addition of IKK16 inhibits TNFa, AZDR1, and LGBR2 cells
CM induced NF-xB reporter activity (Figure 6B). Importantly, NF-xB reporter activity was
highly correlated with NF-xB-S536 phosphorylation levels in these experiments (Figure
6C). This result was consistent with our observation that a 60-minute treatment with a PIM/
did not induce RelA-S536 phosphorylation, while overnight treatment with inhibitors did,
suggesting that sufficient secretion of growth factors occurred after 18 h to activate this
pathway (Supplementary Figure S7B, C). In a PIM/insensitive mature T-ALL cell ling,
SUP-T1 (10), AZD1208 treatment had no effect on S536 phosphorylation and did not
activate the NF-xB pathway. Due to the LCK translocation in HSB-2 cells, we also validated
the activation of NF-xB using PIM kinase dependent DU.528 and KOPT-K1 cell lines with
no LCK translocation (Supplementary Figure S7D), further establishing that the NF-xB
activation after PIM kinase inhibition is independent of LCK translocation or expression.
These results suggest that, PIM/treatment in HSB-2 cells appears to be associated with the
increased secretion of growth factors that in an autocrine fashion activate NF-xB signaling.
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To evaluate whether the NF-xB pathway inhibition could enhance T-ALL growth
suppression by PIM/, increasing doses of IKK16 were added to HSB-2 naive or AZDR cells
with and without AZD1208. IKK16 alone suppressed the growth of both naive and AZDR
cells in a dose-dependent fashion (Figure 6D) but was significantly more effective in the
AZDR cells. This result is consistent with the NF-xB pathway activation in long-term PIM/
treated cells. In addition, when combined with AZD1208, IKK16 was able to inhibit the
growth of AZDR cells to a greater extent than the naive cells, suggesting that the role of NF-
xB in driving cell growth had been increased by PIM/treatment. Notably, Combosyn
analysis demonstrated that the AZD1208 and IKK16 combination was highly synergistic in
suppressing the growth of AZDR as compared to naive HSB-2 cells (Supplementary Figure
S7E). Finally, the combination of PIM and NF-xB inhibitors treatment lead to a moderate
but significant decrease in the viability of ETP-ALL PDXs when compared to mature T-
ALL PDXs (Figure 6E). Thus, inhibition of NF-xB by small molecules can be used to
enhance the growth inhibitory effect of PIM/7in ETP-ALL cells.

Discussion

In this study, we demonstrate that PIM1 expression is markedly increased in ETP-ALL but
not in mature T-ALL PDXs, suggesting that this kinase could be a therapeutic target to
inhibit the growth of ETP-ALL. The crucial role of PIM kinases in hematopoietic tumors
has fueled the development of a number of pan-PIM inhibitors which are in phase I1B/II trials
for multiple myeloma, myelodysplastic syndrome, myelofibrosis and lymphoma (21).
Independent studies (11-13) demonstrate that PIM1 function is necessary to support T-ALL
growth. In both pediatric and adult T-ALL, activation of PIM1 is driven by a rare but
recurrent TCRB-PIML1 translocation (12,13), and plays a clear role in tumor growth. 11 vitro
and /n vivo results demonstrate that PIM/reduces T-ALL growth. These results suggest that
PIM/ could be used to treat chemotherapy resistant ETP-ALL patients with high PIM1
expression. However, PIM7alone is not completely effective in ETP-ALL PDX models,
suggesting that other agents are needed to hit complementary targets. To help define those
signaling pathways, we derived PIM/resistant cells using HSB-2 cell line and analyzed the
pathways that were enhanced. In addition, our previous work demonstrated that the genes
expressed in the PIM/ sensitive cells, including HSB-2 were highly correlated with the gene
expression profile of ETP-ALL PDXs rather than the mature non-ETP ALL PDXs (10),
suggesting that this cell line could serve as a model for PIM/resistant ETP-ALL.

To investigate these pathways after long-term PIM/treatment, we first analyzed the
transcriptomes of PIM/resistant HSB-2 cells. RNA-seq oncogenic enrichment analysis
demonstrated activation of mTOR, MYC, NF-xB, and HOXA9 pathways in long-term PIM/
treated cells. PIM kinases have been implicated in the control of mTOR pathway (9,10).
mTOR plays a key role in early T-lymphopoiesis and eradicating mTORC1 blocks the
development of T-ALL (42). Short-term treatment of HSB-2 cells with PIM/blocks
mMTORC1 activation as demonstrated by S6 and 4EBP1 phosphorylation, while mTOR is
continuously activated in long-term PIM/ treated cells. In AML, AZD1208 resistance occurs
through feedback activation of mTOR signaling, which is mediated by reactive oxygen
species, p38, and AKT (37). One possible mechanism accounting for mTOR activation in
PIM/resistant HSB-2 cells is the compensatory decrease in DDIT4 (REDD1) and Sestrin2
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(SESNZ2) expression. Decreases in these proteins lead to activation of the two GTP binding
proteins, Rheb and Rag, which regulate mTOR and control the activation of protein
synthesis. MYC plays an important role in driving T-ALL growth and is increased by
NOTCH activation. PIM kinase regulates MYC levels through phosphorylation dependent
activation and PIM inhibitors are known to decrease MYC levels (43). MYC levels are also
regulated by mTOR, and the constitutive activation of this enzyme in long-term PIM/treated
cells could maintain the activation of this signaling pathway. NF-xB and HOXA®9, positive
regulators of PIM kinase expression, are often abnormally activated in AML (44,45). The
activation of NF-xB and HOXAJ9 signaling pathways appear to be a compensatory response
to the prolonged inhibition of PIM kinases.

Although many pathways are involved in the development of PIM/resistance in HSB-2
cells, this is the first demonstration of the contribution of the NF-xB pathway after long term
PIM/treatment. Through RNA-seq and RPPA profiling, we found compelling evidence that
PIM inhibition activates RelA (NF-kB P65) in AZDR cells compared to naive HSB-2. PIM
kinase facilitates the activation of the NF-xB pathway through phosphorylation dependent
stabilization of RelA (46). The sustained elevation of phosphorylated NF-xB S536 in HSB-2
cells during PIM Kinase inhibition indicates a dysfunctional regulation of the NF-xB
pathway where PIM kinase inhibition fails to deactivate NF-xB. Because mTOR is an
important regulator of NF-xB (47), it is possible that this kinase plays a role in the aberrant
regulation. Alternatively, we demonstrate using conditioned medium that long-term PIM/
treated cells produce growth factors that activate NF-xB. It is possible that one or more
interleukins known to activate NF-xB, e.g. IL-6, could be secreted in increased quantities
(48). The observation that concurrent inhibition of PIM kinase and NF-xB leads to reduced
viability in ETP-ALL PDXs suggests that activation of this pathway is important to the
survival of ETP-ALL cells. Considering that the effect of PIM and NF-xB inhibitors when
administered together is modest, targeting additional pathways like PI3K/AKT and mTOR
activated along with long-term PIM inhibition will be needed to completely kill T-ALL.
Future /n vivo PDX studies using a triple kinase inhibitor IBL-302, a compound that hits
PIM/PI3K/mTOR (49) in combination with NF-kB inhibitor could potentially show a
broader response.

Furthermore, our network-based analysis identified NF-xB pathway members such as ATM
(ataxia telangiectasia mutated), a tyrosine kinase whose protein-level alteration has been
linked extensively to leukemia (50). Likewise, the ANM suggests that LYN, PIDD1, and
VCAML1 are additional NF-xB associated protein markers that differentiate between long-
term and short-term PIM kinase inhibition provides further evidence that NF-xB signaling
plays a significant role in PIM/resistance. Future studies focused on proteins discovered in
the ANM could provide additional insight into the role of the NF-xB signaling in
modulating ETP-ALL growth.

Our unbiased RNA-seq analysis and targeted RPPA assay of long-term PIM/ treated HSB-2
cells demonstrated that key survival pathways are turned on with prolonged incubation with
this inhibitor. These results obtained in HSB-2 cells suggest the potential of combining NF-
kB and PIM inhibitors to treat a subset of T-ALL with high PIM1 expression.
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Figure 1. Pan-PIM kinase inhibitors reduces leukemia burden in ETP-ALL PDX models.
(A) Relative mRNA expression of PIM1, PIM2, and PIM3 in T-ALL PDX cells. (B) T-ALL

PDX cells were incubated with the AZD1208 or LGB321 (AZD 3uM or LGB 1uM) for 72h
and then the percentage of viable cells was quantified by the ATPlite assay. The growth of
DMSO control cells was considered 100% and percent cell growth after individual treatment
is reported relative to the DMSO. The data shown are the average +/- standard deviation
(S.D.) of three independent experiments. (C-E) The PB, spleen, and bone marrow (BM)
were harvested and analyzed hCD45+ve cells by flow cytometry. % hCD45+ve data shown
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are the average +/— S.D. from five samples per treatment. (F) Western blot (WB) analysis of
lysates collected from BM cells using the specified antibodies. Each lane on the WB
represents an individual tumor.
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Figure 2. Characterization of HSB-2 naive and PIMi resistant cells:
(A and B) Using an XTT assay, the percentage of viable cells was measured after each cell

line was exposed to increasing doses of AZD or LGB over 72h and compared to vehicle.
Data are represented as average +/— S.D of three independent experiments. (C) WB
comparing the mTOR signaling activity in HSB-2 naive (AZD1uM; 24h) and PIM/ resistant
cell populations. (D) Hierarchical clustering on the differentially expressed genes with high-
significance (FDR<0.01) from AZDR RNA-seq data reveals significantly enriched
biological pathways. The heat map represents the row z-score of log, transformed RNA-seq
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count values. Optimally clustered (by silhouette width) membership is shown with colors on
the left side of the heat map while clusters cut at height h=2 are shown with colors on the
right side of the heat map. Selected GO term annotations of each cluster are represented on
the right side of the heat map. Total of 2225 genes with n=3 in each group were analyzed for
the heat map clustering analysis.
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Figure 3. Oncogenic signatures enriched in transcriptome of long-term PIMi treated cells

compared with HSB-2 naive cells.

Genes were ranked by differential expression and analyzed using GSEA testing against
curated oncogenic signatures. The size of the bubbles in the bubble plots represents the
normalized enrichment score (NES), which summarizes the number and differential
expression intensity of enriched genes. The absolute value of the NES generally varies
between 0 (no enrichment) and 5 (extremely high enrichment). The significance of the
pathway enrichment is measured by the FDR (x-axis). Open bubbles indicate downregulated
pathways and closed indicate upregulated pathways. All oncogenic signatures shown have
FDR<0.25 and GSEA significance is defined as FDR<0.25.
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Figure 4. ANM analysis on long-term PIMi treated cells finds changes in protein complex
enriched for signaling and growth pathways.

(A) ANM analysis is shown with nodes representing genes and edge length representing the
strength of the protein-protein interaction, with shorter edge lengths indicating higher-
weight interactions according to STRING database. The ellipse shaped nodes represent
genes in either apoptosis, epidermal growth factor receptor tyrosine kinase inhibitor
resistance (EGFR-TKIR), JAK/STAT, mTOR, NF-kB, or PI3K-AKT signaling pathways.
The color of the nodes (fill color) indicates the log2(fold change) of the RNA-seq expression
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in AZDR1 cells compared to HSB-2 naive cells. The red fill indicates significantly increased
(FDR<0.05) proteins and blue fill indicates significantly decreased (FDR<0.05) proteins
while grey fill indicates not significant (FDR=0.05). The border color of each node
represents pathway membership (e.g. yellow bordered genes are part of the PISK-AKT
signaling pathway). (B) Enrichment of KEGG pathways in active module. The size of the
bubble represents gene ratio calculated by taking the number of pathway related genes
within the active modules divided by the total number of genes in the pathway. The
significance of the pathway enrichment is measured by the FDR (y-axis). Significance is
defined as FDR<0.05.
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Figure 5. AZD1208 and LGB321 resistant HSB-2 cells exhibit significant changes in protein
expression.

(A-D) Volcano plot (log,(fold change) as x-axis and —logg(p-value) as y-axis) of RPPA
differential expression comparing HSB-2 (A) Naive vs AZDR1, (B) AZD 1uM (short-term)
vs AZDR1 (long-term), (C) Naive vs LGBR2, and (D) LGB 1uM (short-term) vs LGBR2
(long-term) indicate that many proteins have significant changes in expression. Dots indicate
Benjamin and Hochberg FDR < 0.05 and x-mark indicates FDR = 0.05. (E) Validation of
RPPA data generated from comparing HSB-2 naive and AZDR1 or LGBR2 cells by WB. (F
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& G) RelA-S536 abundance is shown on the y-axis and time of treatment with PIM/on the
x-axis. Total of 200 proteins were analyzed with n=6 for each sample. Results are expressed
as mean+/-S.E.M; ***p-value<0.001; ****p-value < 0.0001.
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Figure 6. NF-xB activation in PIMi treated HSB-2 cells.

(A) HEK-293T-NF-xB-luc cells were incubated with conditioned media from HSB-2 naive
or AZDR1 and LGBR2 cells with or without IKK16 (2 uM) for 6h. (B & C) HEK-293T-NF-
xB-luc cells were incubated with media containing TNF-a (20 ng/mL) alone or in
combination with IKK16 (2 uM) or CM from HSB-2 LGBR2 or AZDR1 with or without
IKK16 (2 uM) for 6h. NF-xB mediated luciferase activity was measured using One-Glo
Luciferase Assay System. Cell lysates were Western blotted with the specified antibodies.
LE: long exposure. (D) Cell viability of HSB-2 naive and AZDR1 cells treated with
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indicated concentrations of AZD alone and/or in combination with IKK16 for 72h. (E) T-
ALL PDX cells were incubated with the indicated concentrations of LGB321 (LGB) alone
or in combination with IKK16 for 72h and then the percentage of viable cells was quantified
by the ATPlite assay. For (D and E), the growth of DMSO control cells was considered
100% and percent cell growth after individual treatment is reported relative to the DMSO.
The data shown are the average +/- S.D. of three independent experiments.
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