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ABSTRACT

Signal transducer and activator of transcription 5 (STATS5) signaling plays a pathogenic role in both hematologic
malignancies and solid tumors. In acute myeloid leukemia (AML), internal tandem duplications of fms-like
tyrosine kinase 3 (FLT3-ITD) constitutively activate the FLT3 receptor, producing aberrant STAT5 signaling,
driving cell survival and proliferation. Understanding STAT5 regulation may aid development of new treatment
strategies in STAT5-activated cancers including FLT3-ITD AML. Poly ADP-ribose polymerase (PARP1), upregu-
lated in FLT3-ITD AML, is primarily known as a DNA repair factor, but also regulates a diverse range of proteins
through PARylation. Analysis of STAT5 protein sequence revealed putative PARylation sites and we demonstrate
a novel PARP1 interaction and direct PARylation of STATS5 in FLT3-ITD AML. Moreover, PARP1 depletion and
PARylation inhibition decreased STAT5 protein expression and activity via increased degradation, suggesting
that PARP1 PARylation of STATS5 at least in part potentiates aberrant signaling by stabilizing STAT5 protein in
FLT3-ITD AML. Importantly for translational significance, PARPis are cytotoxic in numerous STAT5-activated
cancer cells and are synergistic with tyrosine kinase inhibitors (TKI) in both TKI-sensitive and TKI-resistant
FLT3-ITD AML. Therefore, PARPi may have therapeutic benefit in STAT5-activated and therapy-resistant leu-
kemias and solid tumors.

Introduction

factor for normal hematopoietic development and signals for hemato-
poietic cell proliferation and differentiation. Thus, constitutive STAT5

Aberrant signaling of signal transducer and activator of transcription
5 (STAT5) drives tumorigenesis in a variety of cancers and STAT5
constitutive activation contributes to tumor survival, growth, metas-
tasis, and resistance to treatment [1]. In lung cancer, STAT5 acts as an
oncogene and its overexpression is associated with numerous patho-
genic processes including increases in nuclear BCL-xL which is
anti-apoptotic and promotes metastasis [2]. In breast cancer, STAT5 acts
as an oncogene through numerous mechanisms in highly aggressive
triple negative breast cancer (TNBC) subtypes [1] when STAT3 is not
activated [3]. However, when STATS3 is activated, STAT5 acts as a tumor
suppressor in breast cancer, with loss of STAT5 promoting oncogenic
STATS signaling [3]. Additionally, STATS5 is an essential transcription

activation is often a hallmark of hematological malignancies including
acute myeloid leukemia (AML), for which STATS5 activation is present in
AML cells of approximately 70% of patients [1].

Internal tandem duplications within the juxtamembrane domain of
FMS-like tyrosine kinase 3 (FLT3-ITD) occur in the cells of 20-25% of
AML patients and represent an unfavorable AML subtype that exhibits
constitutive and aberrant signaling through STAT5, promoting leukemia
cell growth [4-6]. The serine/threonine kinase Pim-1 is a downstream
STATS target that not only has direct anti-apoptotic effects, but also
phosphorylates and stabilizes FLT3, creating a positive feedback loop
that further promotes aberrant signaling [7]. DNA damage/repair re-
sponses and acquired cytogenetic alterations are also implicated in
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FLT3-ITD AML disease progression [8]. We previously demonstrated
that activated STATS5 induces high levels of reactive oxygen species via
RAC1, leading to increased DNA double-strand breaks (DSB) [9]. We
and others reported that, as a response to this genotoxic stress, FLT3-ITD
upregulates activity of repair pathways, including homologous recom-
bination (HR) via increased RAD51 [10] and a highly error-prone
alternative form of non-homologous end-joining (Alt-NHEJ) via
increased DNA ligase Illa (Lig3) and poly (ADP-ribose) polymerase 1
(PARP1) [11,12]. Increased DSB induction and error-prone repair in
FLT3-ITD cells results in genomic instability, promoting disease pro-
gression and drug resistance [8,9,12]. Due to the above discussed un-
favorable effects of FLT3-ITD on AML prognosis, there has been a focus
on development of FLT3 tyrosine kinase inhibitors (TKI) as an approach
to improve treatment outcomes [13-15]. The US Food and Drug
Administration has approved two TKIs, midostaurin and gilteritinib, for
the treatment of FLT3-ITD AML, in combination with chemotherapy and
for relapsed/refractory disease respectively [16,17]. However, TKI ef-
ficacy has been limited by the development of resistance [15,18-21].
Resistance mechanisms include development of secondary point muta-
tions in the FLT3 tyrosine kinase domain, most commonly in the D835
residue, reducing binding of some TKIs and upregulating STAT5
[19-23], and in the F691 ‘gatekeeper’ residue [19-21,24]. Strategies are
needed to prevent or overcome onset of resistance.

PARP1 is a key DNA repair factor [25,26], and, as discussed above, is
overexpressed in FLT3-ITD AML [11,12], making it a potential treat-
ment target. PARP1 functions by adding poly-ADP-ribosyl (PAR) chains
to itself and other proteins to catalyze activities [27]. PARP inhibitors
(PARPi) exert cytotoxic effects by inhibiting PARylation and/or by
trapping PARP to DNA [28,29]. PARPi are mainly used to treat cancers
with inherent HR defects such as BRCA-mutant breast, ovarian, and
prostate cancer [30,31], inducing cell death by mechanisms known as
synthetic lethality [31]. In FLT3-ITD AML, TKI treatment reduces
expression of key HR repair proteins including RAD51, mimicking
BRCA-deficiency [10,32] and TKIs have therefore been combined with
PARPi to induce synthetic lethality [32]. However, this drug combina-
tion has not been examined in TKI-resistant disease and effects beyond
DNA repair and synthetic lethal cytotoxicity have not yet been
characterized.

PARP1 PARylation activities function in numerous processes in
addition to DNA repair, including transcription, cell death, and regula-
tion of protein stability and activity [27,33-36]. PARP1-dependent
PARylation was recently shown to regulate STAT3, another key
signaling protein in cancers, by inducing STAT3 dephosphorylation and
limiting its transcriptional activity [37]. In this study, we identified
putative PARylation sites within STAT5 and subsequently investigated
how PARP1 influences STATS5 signaling in TKI-sensitive and -resistant
FLT3-ITD AML as well as other STAT5-activated cancers. We found that
PARP1 binds STATS5, and PARP1 depletion abrogates STAT5 signaling in
FLT3-ITD AML. Additionally, catalytic inhibition of PARylation in-
creases STATS protein degradation, suggesting that PARylation aids in
stabilizing STAT5. Therefore, in addition to inhibiting DNA repair,
PARPi may inhibit STAT5 signaling by decreasing STAT5 protein sta-
bility and this may be relevant for developing treatment strategies in
FLT3-ITD AML and other cancers with constitutively activated STATS.

Materials and methods
Cell culture and drugs

Parental MOLM-14 cells and MOLM-14 with D835Y and F691L
mutations were generous gifts of Dr. Neil Shah, University of California
at San Francisco. MDA-MB231 cells were cultured in DMEM (Corning)
with 10% fetal bovine serum (FBS, Sigma) and 1% penicillin-
streptomycin (P/S, Corning) and Sum159 cells were cultured in Ham’s
F-12 (Gibco), 5% FBS, 1% P/S and supplemented with 10 mM HEPES, 5
pg/mL insulin, and 1 pg/mL hydrocortisone. All other cell lines were
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cultured in RPMI-1640 (Corning) with 10% FBS and 1% P/S. For pri-
mary patient samples, mononuclear cells (MNCs) were isolated using
Histopaque-1077 (Sigma-Aldrich) according to manufacturer’s in-
structions. MNCs were incubated overnight in IMDM (Gibco) supple-
mented with 50 ng/ml thrombopoietin and FLT3L, 25 ng/ml stem cell
factor, 10 ng/ml IL-3, IL-6, GM-CSF and G-CSF (Gemini Bio) and 20%
FBS. Primary AML patient samples were obtained with informed consent
on a protocol approved by the institutional review board of the Uni-
versity of Maryland School of Medicine (IRB # H25314). Cells were
maintained at 37 °C with 5% CO,. The PARP inhibitors, veliparib (Vel,
Selleck Chemicals) and talazoparib (Tal, Pfizer), were prepared as 100
mM and 5 mM stock concentrations (respectively) in DMSO and stored
at —80 °C. The tyrosine kinase inhibitors quizartinib (Quiz, Enzo Life
Sciences) and gilteritinib (Gilt, BioVision) were prepared at 1 mM stock
concentrations in DMSO and stored at —80 °C.

Immunoblotting

Cell pellets were prepared and immunoblotted as previously
described [38]. Membranes were blocked with either 5% nonfat milk or
4% bovine serum albumin (Sigma, for phosphorylated proteins) in TBST
(blocking buffer). Membranes were then transferred to blocking buffer
containing primary antibodies and rocked overnight at 4°C. Membranes
were washed in TBST and corresponding secondary antibodies (1:10,
000) in blocking buffer were applied for 1 h, rocking at room temper-
ature. Blots were again washed in TBST and developed using a Hi/Lo
Digital-ECL Western blot Detection kit and Kwik Quant Imager (Kin-
dleBio). Band densitometry was quantified using ImageJ software (NIH).
For antibodies, see Supplemental Table 1.

Immunofluorescence staining

Cells were harvested, suspended in 100uL PBS with 2% FBS and
cytospun onto glass slides using a Shandon Cytospin 4. Cells were then
fixed and slides were processed and stained as previously described [38]
using primary antibody. Cells were examined for foci and images were
acquired using a Nikon fluorescent microscope Eclipse 80i (100 x /1.4
oil, Melville, NY) with a CCD (charge-coupled device) camera and the
imaging software NIS Elements (BR 3.00, Nikon). 100 cells per slide
were examined for foci formation and considered positive at > 20 foci.
For antibodies used, see Supplemental Table 1.

Extrachromasomal alternative nonhomologous end-joining assay

Nuclear extracts of basal cells were prepared as previously described
for NHEJ assay [39] for extraction of active protein. For ¢-NHEJ and
Alt-NHEJ respectively, pimEJ5GFP and pimEJ2GFP plasmid was line-
arized and processed and incubated with extract as previously described
[39] to allow for recombination by extract repair proteins. Relative
quantity of recombined product was determined by PCR using primers
spanning the repair site (c-NHEJ forward 5-GTGCTGGTTATTGTG,
reverse 5’-AACAGCTCCTCGCCC; alt-NHEJ forward
5'-CCAAGCCCGGCGTGG, reverse 5'CGTTTACGTCGCCGT) and
normalized against amplification of a distant site (forward
5'-GTGCGCGGAACCCCT, reverse 5-AGGGAATAAGGGCGA).

Immunoprecipitation

For PAR-STAT5 immunoprecipitation (IP), cell pellets were resus-
pended in denaturing buffer (1% SDS, 5 mM EDTA, 10 mM B-mercap-
toethanol in purified water) and boiled. Supernatant was taken and
diluted 1:10 in cold IP buffer (20 mM Tris 7.5, 150 mM NaCl, 1 mM
EDTA, 0.5% NP-40, 5 mM NEM, and protease inhibitor in purified
water) then mixed on a rotator at 4°C for 10 min. Protein concentration
was measured by Nanodrop and samples were diluted in IP buffer to
approximately 2 pg/uL. Aliquots of diluted samples were stored at
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Fig. 1. TKl-resistance mutated FLT3-ITD leukemia cells increase STATS5 signaling and genomic instability. (A) Representative immunoblot of pSTATS5, STATS, Pim-1,
FLT3, Lig3, and PARP1 levels in TKI-resistant D835Y- and F691L-mutated MOLM-14 FLT3-ITD cells and parental MOLM-14 cells. Quantification of STAT5 (B),
pSTATS5 (C), Pim-1 (D), and FLT3 (E) levels measured by immunoblot analysis compared between TKI-resistant and parental MOLM-14 cells. Graphs represent mean
expression fold change -=SEM above parental MOLM-14 cells (n = 3). (F) Immunofluorescence staining for yH2AX foci was measured as an estimate of endogenous
DNA DSBs in TKI-resistant and parental MOLM-14 cells. Graph represents mean foci formation +SEM compared to parental MOLM-14 cells (n = 3). c-NHEJ (G) and
Alt-NHEJ (H) repair capacity as measured by extrachromosomal assay in TKI-resistant MOLM-14 cells compared to parental MOLM-14 cells. Data represented as
mean +SEM of ¢-NHEJ and Alt-NHEJ capacity normalized to parental MOLM-14 cells (n = 3). Quantification of Lig3 (I) and PARP1 (J) levels measured by
immunoblot analysis compared between TKI-resistant and parental MOLM-14 cells. Graphs show mean fold expression change +SEM above parental MOLM-14 cells
(n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

—80°C for use as input controls. Remaining lysate was rotated overnight
at 4°C with pulldown antibody. A/G-coupled sepharose beads were
added to lysates and rotated for 2hr at 4°C. Beads were washed 5X in IP
buffer and protein was eluted using 2.5% acetic acid incubated 15 min at

immunoprecipitation (co-IP), denaturing buffer was skipped, cell pel-
lets were resuspended in cold IP buffer only and processed as described.
For antibodies, see Supplemental Table 1.

room temperature with periodic agitation. Samples were centrifuged
and supernatant acidity was neutralized using 1 M Tris-HCl 8.0.
NuPAGE LDS Sample Buffer containing 10% p-mercaptoethanol was
added to eluted samples and inputs saved previously. All were boiled for
10 min prior to immunoblotting. For PARP1-STAT5 nondenaturing co-

CRISPR-Cas9 knock out

PARP1 sgRNA targeting exon 1 (5-CGAGUCGAGUACGCCAAGAG)
were designed using the BROAD GPP Web portal and purchased from
Sigma. Cas9 RNP complexes were generated by incubating 200 pmol
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Fig. 2. PARP1 and PAR immunoprecipitate with STAT5. (A) The STAT5 protein sequence was examined for potential PARylation binding motifs [43,44]. STAT5
protein is represented schematically with potential PARylation sites indicated by red arrows. (B) Co-immunoprecipitation of PARP1 and STATS5 or (C) immuno-
precipitation of PAR and STAT5 from TKI-resistant and parental MOLM-14 cells. Inmunoblot of input proteins shown on the left, with co-IP and IP with indicated
antibody-coated beads shown on the right. IgG was used as a negative control for non-specific binding, representative images shown were taken at equal exposures to

pulldown samples.

guide RNA with 200 pmol tracrRNA (Sigma) with 50 pmol SpCas9
protein (MacroLab at UC Berkeley) and then electroporated into 5 x 10°
MOLM14 cells using the Invitrogen Neon electroporation system (R
buffer, E2 buffer, 1050 V, 50 ms, 1 pulse). 7 days post-electroporation,
cells were plated in 96 well plates at 0.5 cells/well to generate clonal
cell lines. Clonal cells were harvested and analyzed by immunoblot for
PARP1 protein. All experiments were conducted using 2 independent
populations confirmed for PARP1 protein knockout.

Lentiviral transduction

Lentivirus production and cell infection were performed according to
the pLKO.1 lentiviral vector protocol recommended by Addgene. Len-
tiviral PARP1 MISSION shRNA plasmids were purchased from Sigma
(NM_001618 TRCN0000007928 and NM_001618 TRCN0000007929)
with respective empty vector controls, SHC001 and SHC002. Briefly, the
shRNA plasmids and packaging plasmids pCMB-dR8.2 and pCMV-VSVG
(Addgene #8455 and #8454) were transfected into HEK293T cells with
Lipofectamine®3000 (Thermo Fisher Scientific) in OPTI-MEM (Invi-
trogen) containing 5% FBS and 200 pM sodium pyruvate. Lentivirus was

harvested after 72 h, filtered with a 0.45 pm filter, and stored at —80 °C.
Lentivirus 8 pg/mL polybrene was added to target cells and 72 h after
infection, knockdown cells were selected using 1-2 pg/mL puromycin.

Protein degradation

Cells were plated in quadruplicate and pretreated with 100 uM
cycloheximide (CHX, Sigma) for 1 h prior to addition of veliparib to
block protein translation. 30 min following CHX, 2 sets of cells were
treated with 10 uM MG-132 (Cell Signaling) to inhibit the proteasome.
Following another 30 min, cells were treated with and without 200 pM
veliparib such that there were four treatment groups (CHX alone,
CHX+Vel, CHX+MG-132, CHX+MG-132+Vel). Cells were harvested
every 2 h following final treatment and samples were subsequently
processed as described for immunoblotting. Protein half-life was calcu-
lated using GraphPad Prism software for nonlinear regression curve fit.

Cytotoxicity assay and determination of synergism

Cells were plated in 96-well plates with drugs at varying
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Fig. 3. PARP1 loss and loss of PARylation reduce STATS5 expression and signaling. (A) Representative immunoblot of PAR, PARP1, pSTATS5, STATS5, Pim-1, and FLT3
in two PARP1 CRISPR-Cas9 knock out (KO) MOLM-14 cell lines and parental MOLM-14 cells. Quantification of immunoblot analysis for downstream targets STATS
(B), pSTATS5 (C), Pim-1 (D), and FLT3 (E) in PARP1 KO MOLM-14 cells. Graphs represent average fold expression change +SEM compared to wild type MOLM-14
cells (n = 2). (F) Quantification of immunoblot analysis for PARP1 shRNA knockdown (PARP1 KD) in TKI-resistant (red or green) and parental (blue) MOLM-14 cells.
Graph represents average fold change protein expression ==SEM compared to wild type counterparts in each cell line (n = 3). Quantification of immunoblot analysis
for STATS (G) and pSTAT5 (H) in PARP1 KD TKI-resistant (red or green) and parental (blue) MOLM-14 cells. Graphs represent average fold change in protein

expression +SEM compared to wild type counterparts of each cell line (n = 3). *p < 0.05, **p < 0.01, *

*p < 0.001, ****p < 0.0001 (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.).

<

concentrations alone or in combination (Vel, Gilt, and Quiz alone for
cytotoxicity assays, Vel and/or Gilt or Tal and/or Gilt for synergy as-
says). Plates were incubated for 72 h and were then terminated with
CellTiter96 MTS Reagent (Promega) and incubated for an additional
2-4h for reagent metabolism. Absorbance was measured and used to
determine the fraction of cells affected by treatment. Combination
indices (if determining synergism) were calculated according to the
Chou-Talalay method using CompuSyn software.

Statistical analysis

Unless otherwise stated, all data are presented as mean +SEM with
statistical significance calculated using two-tailed unpaired Student’s t-
test.

Results

TKI-resistant FLT3-ITD leukemia cells have increased STATS5 activity,
DNA damage, and PARP1/Lig3-mediated error-prone DSB repair

STATS activity mediates aberrant signaling in FLT3-ITD AML [40]
and elevated STAT5 activation has been demonstrated in mouse cells
stably expressing FLT3-ITD with additional D835 mutations [23]. We
inquired whether key resistance-conferring mutations occurring in
human FLT3-ITD AML further altered STAT5 activity and expression of
downstream targets. We compared STAT5 expression and activation in
TKI-resistant MOLM-14 FLT3-ITD AML cell lines containing one of two
common mutations, D835Y or F691L (Supp. 1A-B), to that in parental
TKI-sensitive MOLM-14 cells and found significant increases in the level
of STATS5 and activated phospho-STAT5 (pSTATS5) in TKI-resistant cells
(Fig. 1A-C). The STAT5, downstream targets, Pim-1 and FLT3, were also
upregulated in TKI-resistant cells (Fig. 1A, D,E).

Because we previously reported that aberrant STATS5 signaling in-
creases DNA damage and error-prone repair in FLT3-ITD AML [9,11,12],
we next determined whether TKI-resistant FLT3-ITD cells demonstrated
further increases in these activities compared to parental cells. We first
measured levels of DSBs using immunofluorescence staining for yH2AX
foci in TKI-resistant and -sensitive MOLM-14 cells. Both TKI-resistant
cell lines demonstrate significantly increased foci formation, compared
with parental cells (Fig. 1F, Supp. 1C).

Error-prone DSB repair can contribute significantly to the genomic
instability of cells [41,42]. Our group previously reported increased
activity of the highly error-prone DSB repair pathway, Alt-NHEJ but
decreased activity of the less error-prone Ku-dependent classical NHEJ
(c-NHEJ) pathway in FLT3-ITD AML cell lines and mouse models asso-
ciated with overexpression of the Alt-NHEJ pathway constituents PARP1
and Lig3 [11,12]. Using an extrachromosomal PCR-based assay, we
subsequently measured c-NHEJ and Alt-NHEJ activity in TKI-resistant
and -sensitive FLT3-ITD AML and showed that c-NHEJ activity is
significantly reduced (Fig. 1G) but Alt-NHEJ activity is significantly (p
< 0.0001) increased in TKI-resistant cells compared with parental
(Fig. 1H). Furthermore, immunoblot analysis showed that PARP1 and
Lig3 expression levels were increased, compared with parental cells
(Fig. 1A,1,J) while the c-NHEJ protein, Ku70 remained unchanged
(Supp. 1D). These data indicate that TKI-resistant FLT3-ITD leukemia
cells have higher levels of DSBs and error-prone repair and are therefore
likely to be more susceptible to genomic instability and acquisition of

further mutations compared to TKI-sensitive counterparts.
PARP1 binds and PARylates STAT5

Since PARP1 is increased concordantly with STATS5 in TKI-resistant
FLT3-ITD AML, we inquired whether PARP1 may contribute to AML
pathogenesis by regulating STAT5 itself due to the involvement of
PARylation in numerous functions outside of DNA repair [27,33].
Notably, examination of the STATS5 amino acid sequence and compari-
son to previously determined PAR-binding motifs [43,44] revealed
multiple putative PARylation sites (Fig. 2A). Therefore, we next sought
to determine whether PARP1 may interact with STATS5. Using antibodies
for either PARP1 or PAR, we immunoprecipitated (IP) STAT5 in
TKI-sensitive and -resistant AML cells (Fig. 2B,C) and in parallel, using
antibodies to STAT5, we were able to IP both PARP1 and PAR (Fig. 2B,
C). These results demonstrate a novel interaction between PARP1
PARylation and STATS5.

PARP1 is required for STAT5 activity

PARylation of a protein can have a broad range of effects on
expression and function [27,33]. We sought to determine whether
PARP1-dependent PARylation influences STAT5 expression and/or
activation. CRISPR-Cas9 knockout (KO) of PARP1 in parental MOLM-14
cells abolished PARP1 expression and reduced PAR presence in cells, as
expected (Fig. 3A). Importantly, PARP1 loss also reduced the levels of
STATS5, pSTATS5, and downstream effectors FLT3 and Pim-1 (Fig. 3A-E),
suggesting that PARP1 may aid in regulating STAT5 function. Addi-
tionally, shRNA knockdown (KD) of PARP1 in TKI-resistant cells
(Fig. 3F, Supp. 2) caused similar STATS and pSTAT5 expression loss
(Fig. 3G,H, Supp. 2).

Loss of PARylation destabilizes STAT5 protein

To determine PARylation effects on STATS5 in FLT3-ITD AML, we first
measured STAT5 protein levels in TKI-sensitive and -resistant MOLM-14
cells treated with the PARP PARylation inhibitor, veliparib (Vel).
Accordingly, Vel (200 uM, 48 hrs) leads to decreased PARylation and
reduced STATS5 protein levels (Fig. 4A, Supp. 3A). Next, to determine
whether this interaction affects protein stability, cells were pretreated
with the protein synthesis inhibitor, cycloheximide (CHX, 100 uM),
STATS5 protein half-life is approximately 10.5 h in MOLM-14 cells (9.6
and 10.4 h respectively in D835Y and F691L), but in the presence of Vel
(200 uM) following CHX, protein degradation is enhanced, reducing the
half-life to 3 h in MOLM-14 cells (3 and 4.1 h, respectively in D835Y and
F691L) (Fig. 4B, Supp. 3B). Furthermore, pretreatment with the pro-
teasomal inhibitor, MG-132 (10 uM), following CHX abrogates the
degradation effects of CHX with Vel, increasing the STAT5 half-life to
approximately 11.9 h in MOLM-14 cells (9.8 and 9.1 h, respectively in
D835Y and F691L) and matching the effect of CHX and MG132 without
Vel treatment (Fig. 4C, Supp. 3C). This indicates that PARylation loss
increases proteasomal degradation of STATS in both TKI-sensitive and
-resistant FLT3-ITD AML cells.

Dysregulation of STATS5 is present in many cancers in addition to
FLT3-ITD AML [1] and as such, STAT5 PARylation may affect these
STAT5-activated cancers similarly. Therefore, other leukemia and solid
tumor cell lines including additional MV4-11 FLT3-ITD AML cells, Mo7e
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Fig. 4. Inhibition of PARylation induces degradation of STATS5. (A) Quantification of immunoblot analysis for STAT5 expression in TKI-resistant and parental MOLM-
14 cells following Vel (200 uM) treatment for 48 h. Graph represents average fold expression change +SEM compared to untreated cells (n = 2). (B) MOLM-14 cells
were pretreated with CHX (100 pM, 1hr) only or followed with Vel (200 uM) for the indicated time points and harvested for immunoblot analysis of STAT5.
Representative immunoblot shown above. Graph, shown below, represents STAT5 average fold expression change +SEM as determined by quantification of im-
munoblots (n = 3) at stated time points and compared to Ohr. Treatment with CHX followed by Vel (red) was compared against CHX alone (black) and nonlinear
regression curve fitting was used to determine half-life of STATS5 for each treatment. (C) MOLM-14 cells were pretreated with CHX (100 uM, 1hr) and MG-132 (10 uM,
30 min) and followed with or without Vel (200 uM) for the indicated time points then harvested for immunoblot analysis of STAT5. Representative immunoblot
shown above. Graph, shown below, represents STAT5 average fold expression change +SEM as determined by quantification of immunoblots (n = 3) at stated time
points and compared to Ohr. Treatment with CHX and MG-132 followed by Vel (red) was compared against CHX and MG-132 without Vel (black) and nonlinear
regression curve fitting was used to determine half-life of STAT5 for each. (D) Quantification of immunoblot analysis for STAT5 in STAT5-activated leukemia cell
lines (MV4-11, Mo7e, and K562) following 48 h of Vel (200 uM). Graph represents average fold expression change +SEM compared to untreated cells (n = 2). (E)
Quantification of immunoblot analysis for STAT5 in STAT5-activated lung (H460) and breast (MDA-MB231) cell lines following 48 h of Vel (400 uM). Graph
represents average fold expression change +SEM compared to untreated cells (n = 2). (F) Immunoblot of STATS5 in FLT3-ITD AML primary sample #107 treated with

Vel (0-400 uM) for 48 h (left) or treated with Vel (0-100 uM) for 96 h (right). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

acute megakaryoblastic leukemia cells, K562 chronic myeloid leukemia
cells, H460 non-small cell lung cancer (NSCLC) cells, and MDA-MB231
TNBC cells, were examined and found to have elevated STAT5 and
PSTATS5 (Supp. 4A). Similar to MOLM-14, Vel treatment of these cells
reduced STATS levels however, of note, solid tumors required higher
dosing which may indicate reduced reliance on PARylation for STAT5
maintenance in these cells (Fig. 4D,E, Supp. 4B). Additionally, the same
Vel treatment in a FLT3-ITD AML primary sample #107 also reduced
STAT5 expression and, importantly, lower doses of Vel for 96 h were
able to reduce STATS5 expression in primary sample #107 (Fig. 4F).
Similar STAT5 reductions in response to Vel across all these cells in-
dicates a new potential mechanism for targeting these STAT5-activated-
cancers.

STAT5-activated cancers are sensitive to PARPi

To determine the clinical implications of PARylation loss and sub-
sequent degradation of STATS in response to PARPi treatment, we
analyzed MOLM-14 cells as well as other cancer cells with elevated
STATS signaling (discussed previously) for cytotoxic effects of Vel at
increasing concentrations (0-400 uM). Compared to the acute mono-
cytic leukemia cell line, THP1, which lacks substantial STAT5 protein
(Supp. 4A) and demonstrates a high Vel LCso (Supp. 5A, Supp. Table 2),
TKI-resistant and -sensitive MOLM-14 cells with high STAT5 expression
and activation have drastically lower LCsy values (Fig. 5A, Supp.
Table 2). Additionally, our FLT3-ITD AML primary sample #107, as well
as other leukemia cell lines, MV4-11, Mo7e, and K562, which also have
elevated STAT5 (Supp. 4A), similarly demonstrated lower LCsq values
for Vel compared to THP1 (Fig. 5B, Supp. Table 2). Furthermore, the
NSCLC cell line A549, and the TNBC cell line, Sum159, demonstrate
minimal STATS5 protein (Supp. 4A) and, similar to THP1, demonstrate
higher Vel LCso values (Supp. 5B,C, Supp. Table 2) compared to the
NSCLC cell line, H460, and the TNBC cell line, MDA-MB231, which have
substantial STATS protein present and subsequently lower Vel LCsg
values (Fig. 5C, Supp. Table 2). Notably, response to Vel appears to be
dependent on cancer subtype and basal STATS5 levels. Because STATS5 is
critical in hematopoiesis, its dysregulation is highly pathogenic in many
leukemias [1,45], thus these cancers are likely to rely more heavily on
STATS5 signaling. As such, leukemia cells demonstrated overall increased
sensitivity to Vel treatment compared to solid tumor cell lines and,
interestingly, the Vel LCsq for these cells was directly correlated to the
basal STATS5 expression (Fig. 5D).Furthermore, the FLT3-ITD AML pri-
mary sample #107 discussed earlier was also found to fall within this
correlation curve (Fig. 5D) indicating STAT5 may be important as a
biomarker for translational purposes.

PARPi synergizes with TKI in TKI-sensitive and -resistant AML cells

While PARPi and TKI combination therapy has been reported for
TKI-sensitive FLT3-ITD AML [32], this combination therapy has not
been examined in TKI-resistant FLT3-ITD AML. Since we have shown

that PARP1 interacts with and stabilizes STAT5 protein, PARPi may lead
to destabilization of the signaling cascade that maintains TKI resistance,
and resensitize cells to TKI. We therefore explored the efficacy of PARPi
Vel in combination with TKIs in TKI-resistant AML using MTS assays of
cells treated with the TKI gilteritinib (Gilt, 1-5 nM) and/or Vel (10-50
uM). While Gilt alone modestly reduced survival of TKI-resistant and
-sensitive MOLM-14 cells as well as primary cells (Fig. 6A-D), Vel alone
had a stronger effect, and the combination of Vel and Gilt further and,
importantly, synergistically reduced survival of all cells regardless of
TKI sensitivity status (Fig. 6A-D). This synergistic effect was further
corroborated using the FDA-approved PARPi talazoparib (Tal, 5-50 nM)
combined with Gilt (0.5-5 nM) in both TKI-resistant and -sensitive
MOLM-14 cells (Supp. 6A-C). These data suggest that cancers without
inherent or inducible defects in DNA DSB repair, such as TKI-resistant
FLT3-ITD AML, may still have clinical response to treatment with
PARPi due to PARP1 regulation of the transcription factor STATS
(Fig. 7A).

Discussion

Constitutive activation of STAT5 is an important mechanism for
aberrant and pathogenic signaling in both hematologic malignancies
and solid tumors [1]. In addition to its canonical activation by tyrosine
phosphorylation, other post-translational modifications, including
acetylation and sumoylation, have been demonstrated to affect STAT5
signaling [46] however, little is known about how STATS5 protein sta-
bility is maintained. Here, we show for the first time that PARP1 PAR-
ylates STATS and is at least in part required for maintaining STAT5
protein function in FLT3-ITD AML and other STAT5-activated cancers.
Importantly, we demonstrate that loss of STAT5 PARylation through
PARP1 KO, KD, or PARylation inhibition decreases STAT5 expression
due to increased proteasomal degradation. This not only decreases
STATS signaling to downstream targets, but induces cytotoxicity, sug-
gesting that PARP1 could be a therapeutic target in STAT5-activated
cancers (Fig. 7B). Indeed, although PARPi doses used as short duration
treatments in our studies are relatively high, we also demonstrate effi-
cacy in FLT3-ITD AML primary cells, and we show that lower doses over
longer time periods are able to reduce STATS5 in these samples indicating
translational capability for this treatment.

PARP1 is involved in many processes beyond DNA repair through
attaching PAR residues to target proteins [27,33-36]. While PARP1 has
been implicated in the transcriptional regulation of proteins, few studies
have examined the role of PARP1 in protein stability. One such study
demonstrated that PARP1 aids in maintaining the stability of the regu-
larly spliced tumor suppressor, p53 [35], and PARP1 was also recently
shown to be involved in regulating stability and function of HIPK2, a
nuclear kinase that functions in DNA damage response [36]. Addition-
ally, PARP1 was found to PARylate the STAT family protein STAT3, and
to decrease STAT3-dependent PD-L1 transcription by reducing STAT3
phosphorylation [37]. Our studies build on the effects of PARP1 on STAT
proteins by demonstrating that PARP1 regulates STATS5 protein stability,
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Fig. 5. PARPi induces cytotoxicity in STAT5-activated cancer. TKI-resistant and parental MOLM-14 cells (A), FLT3-ITD AML primary cells and other STAT5-activated
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Fig. 6. PARPi synergizes with TKI in TKI-resistant and -sensitive leukemia. Parental MOLM-14 cells (A), TKI-resistant D835Y-mutated cells (B), TKI-resistant F691L-
mutated cells (C) and FLT3-ITD AML primary cells (D) treated with Gilt (0.5-5 nM) or Vel (5-50 uM) or combinations of both drugs at a constant ratio. Cells were
treated for 72 h followed by MTS assay to determine cytotoxicity. (Upper panels) combination indices (CI) calculated according to the Chou-Talalay method using
CompuSyn software; x axis is fraction of cells affected (Fa); y axis is CI. Combinations below the black line are synergistic. (Middle and bottom panels) survival of
cells treated with Gilt or Vel alone or in combination. Cell line data represented as mean +SEM for combination compared to single treatment (n = 2). Primary sample
data represented as mean +SEM for combination compared to single treatment for a single biological replicate. Note: Data for primary sample #107 Vel treatment

alone was taken from Fig. 5 cytotoxicity assays. *p < 0.05.

thereby influencing downstream signaling. This provides further proof
that PARP1 plays an important role in the cellular homeostasis of pro-
teins and suggests that the stability of other STAT proteins, as well as
other transcription factors may be regulated by this mechanism.
Furthermore, we demonstrate that c-NHEJ repair is reduced in
TKI-resistant cells, yet despite c-NHEJ loss being associated with

10

resistance to PARPi [47], these cells were highly sensitive, further
indicating that the inhibition of non-repair related pathways is critical
for the application of PARPi.

Based on the classical synthetic lethal approach for using PARPi
[31], other groups have successfully used PARPis with TKIs to induce
synergistic cytotoxicity in FLT3-ITD AML due to TKI-induced
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TKI-resistance mutated FLT3-ITD receptor signals strongly through activation
of STAT5. STAT5 promotes a state of genomic instability in these cells, leading
to leukemia cell survival and future mutations, while also signaling to stabilize
FLT3 receptor via activation of Pim-1 kinase [7]. In this proposed model,
PARP1 will feed back to PARylate and stabilize STAT5, making these cells
susceptible to PARP1 inhibition. Use of an inhibitor of PARylation will subse-
quently destabilize the STATS5 signaling loop and we theorize this may cause
preferential loss of mutated FLT3 receptor, thus allowing for functional TKI use
and further synergism with PARPi ultimately leading to cell death. (B) Sche-
matic representation of the broad effects of PARPi in STAT5-regulated cancers.
PARP1 PARylates STATS5, leading to stabilization and thus allowing for acti-
vation in cancer and downstream oncogenic effects. Use of PARPi in these cells
reduces PARylation of STAT5, causing proteasomal degradation of the protein,
which decreases pathogenesis, resistance, and induces cell death.

downregulation of DNA repair proteins mimicking a BRCA-deficient
phenotype [10,32]. However, we now show that PARP1 plays a role
in regulating the primary FLT3-ITD signaling protein, STAT5, which
suggests that this novel PARP1 activity should be considered when
assessing mechanistic PARPi effects in FLT3-ITD AML and possibly in all
STAT5-activated cancers. Furthermore, PARPi effects on STATS protein
stability is perhaps of greater importance in TKI-resistant AML subtypes.
With TKI-resistance, TKIs will minimally downregulate DSB repair
proteins through FLT3 receptor signaling and therefore synthetic
lethality mechanisms may not be operative with added PARPi treatment.
However, we demonstrate that in TKI-resistant FLT3-ITD AML, PARPis
decrease STATS5 protein and activity, reducing downstream Pim-1 and
FLT3. These changes potentially resensitize cells to TKIs by preferen-
tially destabilizing resistant FLT3 receptor and thus result in synergistic

11

Translational Oncology 15 (2022) 101283

cytotoxicity, however, more work is needed to fully elucidate this
mechanism (Fig. 7A). Also, while PARP1 may primarily affect STAT5
protein stability, it is plausible that PARP1 also directly regulates Pim-1
and FLT3 via PARylation. Future investigation into the mechanistic role
of PARylation on these proteins is critical in fully understanding PARP1
functions in FLT3-ITD AML.

STATS5 can act as either a tumor suppressor or an oncogene driving
disease progression in AML and many other cancers, with its dysregu-
lation most frequently due to constitutive activation through mecha-
nisms including overexpression, increased receptor signaling, and/or
loss of negative regulators [1]. Significantly, many of these
STAT5-activated cancers, including AML, NSCLC, and TNBC, are among
those with the highest mortality rates and have the highest unmet needs
therapeutically. Relatedly, although not examined in this work, STAT5
is directly associated with poor prognosis in colorectal cancer [1], and
thus we suspect that PARP1 inhibition might be important in treating
advanced colorectal cancer, as well as many other STAT5-activated
cancers. Our work suggests that examination of STAT5 levels may be
an important biomarker for determining sensitivity to PARPi in broad
range of cancers without repair deficiencies and that PARP1 PARylation
of a larger variety of proteins must be examined for these novel
post-translational effects as these may be key for expanding the clinical
PARPi use.
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