W) Check for updates

Received: 22 July 2019 Revised: 14 October 2019 Accepted: 21 October 2019
DOI: 10.1002/mc.23131

Molecular
ranogenesis

RESEARCH ARTICLE Ca WILEY

LCP1triggersmTORC2/AKT activity and is pharmacologically
targeted by enzastaurin in hypereosinophilia

Guangxin Ma? | Deniz Gezer! | Oliver Herrmann®! | Kristina Feldberg? |
Mirle Schemionek® | Mohamad Jawhar® | Andreas Reiter® | Tim H. Briimmendorf! |
Steffen Koschmieder! | Nicolas Chatain®

!Department of Hematology, Oncology,
Hemostaseology, and Stem Cell Abstract
Transplantation, Faculty of Medicine, RWTH

Hypereosinophilia (HE) is caused by a variety of disorders, ranging from parasite
Aachen University, Aachen, Germany
infection immune di nd cancer. Onl mall proportion of HE r
*Hematology and Oncology Unit, Department ections to autol une diseases and cancer. Only a small proportion o cases are
of Geriatrics, Qilu Hospital of Shandong clonal malignancies, and one of these, the group of eosinophilia-associated tyrosine

University, Jinan, Shandong, China . N n A ann o . e e .
4 s kinase fusion-driven neoplasms, is sensitive to tyrosine kinase inhibitors, while most

3Department of Hematology and Oncology,

University Medical Centre Mannheim, subtypes lack specific treatment. Eosinophil functions are highly dependent on actin
Heidelberg University, Mannheim, Germany polymerization, promoting priming, shape change, and infiltration of inflamed tissues.
Correspondence Therefore, we investigated the role of the actin-binding protein lymphocyte cytosolic
Nicolas Chatain, Department of Hematology, protein 1 (LCP1) in malignant and nonmalignant eosinophil differentiation. We use the
Oncology, Hemostaseology, and Stem Cell . . . . .

Transplantation, Faculty of Medicine, RWTH protein kinase C-B (PKCp) selective inhibitor enzastaurin (Enza) to dephosphorylate and
Aachen University, Pauwelsstr 30, D-52074 inactivate LCP1 in FIP1L1-platelet-derived growth factor receptor a (PDGFRA)-positive
Aachen, Germany. . . . . . . ..

Email: nchatain@ukaachen.de Eol-1 cells, and this was associated with reduced proliferation, metabolic activity, and

colony formation as well as enhanced apoptosis and impaired migration. While Enza did
Funding information . . . L
China Scholarship Council, Grant/Award not alter FIP1L1-PDGFRA-induced signal transducer and activator of transcription
Number: 201406220165; BILD hilft eV. "Ein | 3 (STAT3), STATS5, and ERK1/2 phosphorylation, it inhibited STAT1™7°* and AKT®*"#7
Herz fir Kinder”, Grant/Award Number: Thr3os . L. .
PA.13311 (but not AKT ) phosphorylation, and short hairpin RNA knockdown experiments
confirmed that this process was mediated by LCP1 and associated mammalian target of
rapamycin complex 2 (mMTORC2) activity loss. Homeobox protein HoxB8 immortalized
murine bone marrow cells showed impaired eosinophilic differentiation upon Enza
treatment or LCP1 knockdown. Furthermore, Enza treatment of primary HE samples

reduced eosinophil differentiation and survival. In conclusion, our data show that HE

involves active LCP1, which interacts with mTOR and triggers mTORC2 activity, and that

Abbreviations: Enza, enzastaurin; F/P, Fip1L1-PDGFRa; FACS, fluorescence activated cell sorting; FBS, fetal bovine serum; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GFP, green
fluorescent protein; HE, hypereosinophilia; HES, hypereosinophilic syndrome; HoxB8, Homeobox protein Hox-B8; HRP, horseradish peroxidase; IL-3, interleukin-3; IL-5, interleukin-5; kDa,
kilodalton; MNC, mononuclear cells; MPN, myeloproliferative neoplasms; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; mTOR, mammalian target of rapamycin; mTORC2,
mTOR complex 2; PDGF, platelet-derived growth factor receptor; PDK1, Pyruvate dehydrogenase lipoamide kinase isozyme 1; PI3K, phosphatidylinositol 3-kinase; PKC, protein kinase C; RFP,
red fluorescent protein; SCF, stem cell factor; STAT, signal transducer and activator of transcription; TKI, tyrosine kinase inhibitor.

Steffen Koschmieder and Nicolas Chatain contributed equally to this study.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2019 The Authors. Molecular Carcinogenesis published by Wiley Periodicals, Inc.

Molecular Carcinogenesis. 2020;59:87-103. wileyonlinelibrary.com/journal/mc 87


http://orcid.org/0000-0003-4485-3120
mailto:nchatain@ukaachen.de
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmc.23131&domain=pdf&date_stamp=2019-11-06

—LWI LEY

Molecular

MA ET AL

~Caranogene

the PKCg inhibitor Enza as well as targeting of LCP1 may provide a novel treatment

approach to hypereosinophilic disorders.
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1 | INTRODUCTION

Hypereosinophilia (HE) is defined by an increase of circulating eosinophils
above 1500/uL, and can be accompanied by extensive bone marrow and
tissue infiltration as well as eosinophil granule protein deposition. The
most common underlying conditions of reactive HE include infection,
allergy, medication, and autoimmune disorders,? and these are mostly
mediated by eosinophilopoietic cytokines (interleukin-3 [IL-3], IL-5, GM-
CSF).2 Clonal HE can be associated with myeloid neoplasms such as
chronic myeloid leukemia (CML), acute myeloid leukemia (AML), chronic
eosinophilic leukemia, or systemic mastocytosis, and is genetically
classified according to the new revised WHO classification from 20162
The latter subgroup includes clonal HE associated with tyrosine kinase
fusion proteins involving the platelet-derived growth factor receptor a
(PDGFRA) and PDGFRB, which are sensitive to the tyrosine kinase
inhibitor (TKI) imatinib and have a favorable prognosis, or the fibroblast
growth factor receptor 1 fusion.* However, most HE cases lack such
fusion proteins, and, thus, new treatments are needed for these patients,
particularly since standard therapy with steroids is associated with
significant long-term side effects.

The actin cytoskeleton and associated proteins play important roles
in eosinophil signaling, motility, degranulation, phagocytosis, and
activation.>” Eosinophils harbor high amounts of actin and actin dynamic
modulators. Lymphocyte cytosolic protein 1 (LCP1, L-plastin), an actin-
binding protein and downstream target of the serine/threonine kinase
protein kinase C (PKC) §lI, mediates eosinophil priming.” While LCP1 is
ubiquitously expressed in all hematopoietic lineages, it is strongly
upregulated in many tumor cells, making LCP1 a potential prognostic
factor.'2 Its phosphorylation at the regulatory serine 5 (Ser5) residue
can be stimulated by several factors, including CXCL12,*® GM-CSF,” and
fMLP,** thereby manipulating F-actin bundling®® and integrin expres-
sion. In atopic dermatitis, the epithelial cytokine thymic stromal
lymphopoietin activates LCP1 and induces eosinophil migration, which
is abrogated by PKC inhibition. PKCf belongs to the classic PKC family
of proteins. It consists of two isoforms, PKCgI and PKCgII, generated by
alternative splicing.® PKCp was shown to be overexpressed in several
solid tumors, including colon, breast, and prostate cancer.” In the
hematopoietic system, PKCf has been associated with monocytic
chemotaxis and chronic lymphocytic leukemia cell proliferation.2%2* In
eosinophils, PKCB is involved in priming, adhesion, shape change,
chemotaxis, superoxide generation, and mediator release.??

Here, we describe the actin-binding protein LCP1 to be crucial for
activation of the mammalian target of rapamycin complex 2 (mTORC2)
complex and phosphorylation of AKT>*"73, thereby regulating malignant
and nonmalignant eosinophil differentiation and survival. In addition, we

evaluated the efficacy of enzastaurin (Enza), a specific inhibitor of PKCR,

in promoting apoptosis and reducing differentiation of eosinophilic cells
and the role of LCP1 in this process. Our data suggest that inhibition of
LCP1 activity may be used therapeutically in HE patients.

2 | MATERIALS AND METHODS

2.1 | Primary patient samples

HE patient samples were collected in the Department of Hematology,
Oncology, Hemostaseology, and Stem Cell Transplantation, RWTH
Aachen University and in the Department of Hematology and
Oncology, University Medical Center Mannheim, Heidelberg Uni-
versity (Table 1). Patients were diagnosed with HE/hypereosinophilic
syndrome (HES) according to the WHO criteria 2016.% The sample
collection was approved by the local ethics boards of the Medical
Faculty of RWTH Aachen University and of the University Medical
Center Mannheim. Informed consent was obtained from all patients.

2.2 | Reagents and antibodies

The PKCg-specific inhibitor Enza (LY317615) and the pan-PKC
inhibitor sotrastaurin were purchased from Selleckchem (Munich,
Germany). The murine F/P vector was provided by Prof. Jan Cools,
University of Leuven, Belgium. Phospho-LCP1 (Ser5) antibody'® was
a kind gift from Dr. Elizabeth Schaffner-Reckinger, University of
Luxembourg. Antibodies detecting phospho-STAT5 (Tyr694), phos-
pho-STAT3 (Tyr705), phosphor-Sinl (Thr86), phospho-STAT1
(Tyr701), phospho-ERK1/2  (Thr202/Tyr204), phospho-PDK1
(Ser241), phospho-AKT1/2 at Ser473 or Thr308, Sin1, STATI,
STAT3, PARP-1, ERK1/2, GBL, mTOR, and phospho-AKT substrate
were purchased from Cell Signaling Technology (Beverly, MA).
Antibodies against STAT5, LCP1, glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), B-catenin, c-Jun, and AKT1/2 were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal goat
anti-rabbit (P0448), polyclonal rabbit anti-goat (P0160), and poly-
clonal goat anti-mouse Immunoglobulins/horseradish peroxidase
(HRP) (P0447) antibodies were purchased from DAKO (Hamburg,
Germany). Siglec-F-APC antibody and the respective immunoglobulin
G (lgG) control were obtained from Miltenyi Biotech (Bergisch
Gladbach, Germany). CD11b-PB, Siglec-8-APC, CCR3-PE, and IgG
controls were purchased from Biolegend (San Diego, CA).

2.3 | DNA constructs and vectors

The cDNA of the Fip1l1-Pdgfra (F/P) fusion gene was cloned into a
pMSCV-IRES-GFP vector. The establishment of the pMSCV-LTR-



89
Molecdlar W LEY--2

Carc

0 103d923. 1032. YIMOU3 paALIDp-19]93e|d ‘YY4Ddd DWOIPUAS |1

(4574
C8'6¢
(0[0)0) %
€0'sy
T0TS
124V}
(414
09'69
8/'89
08’81
[44°1%
0€'69
(ulanejsezua)

LE¥2D/,8-99|315

098
0992
1L9°9L
09°€s
9679
€0'8T
08'LL
16°S56
60'8L
16°56
88'8L
8L°06
(oswa)
+€40D/,8-29I81S

0/¢
LT
9'q
L8
oY
L9
[A7A
g9
'S
0'9s
V1S
c6l

99
991
9L
08
§'9
S8
T'6T
14
18
S8
69
6'S

T1av-4od
1av-9A13

punoy uoienw oN
punoy uoienw oN
punoj uoljenw oN
punoy uoienw oN
punoj uolenw oN
punoy uoienw oN
punoy uoienw oN
punoy uoienw oN
Vvd49ad-111d!4

punoy uojjenw oN

qlunnsog
VSJ/splotais
QUON
VSJ/splotais
sploa1s
auojosiupald
splo.als
sploJals
QUON

QUON
qunew|

ENIN]

juswijeas) juarind

174
89
14
LE
€S
0S
(0,4
€3
8¢
S9
14
LS

asy

(T

TR D D D> S TR D N TR T

X35

‘MoJieuwl wcom_u

'g-29|31S 104 auop sem 3ululels,
doujsoaiadAy ‘SH ‘BuI0S |92 PaIBAIIDE 32UDSI0NH ‘S DPIX04|NS [AYIBWIP ‘OSING ‘elwasna| 21j1ydoulsoa 21uoiyd “13D Suoljeinaiqqy

IND
TNV

eljiydouiso3/13

SaH

S3H

m___r_m_oc_mow IAI}oE3Y
S3H

SaH

SaH

SaH

13D

Jaoued 3un

sisougelq

4%
17
(0]

eC

jusned

MA ET AL

6/8 Ae@ uo sov4 Aq aanisod 9 [%] 1lydouiso3 [1/6301] oam uoijeiniy

elep aujjaseq juaned T 314V.L



—LWI LEY

Molecular

MA ET AL

~Caranogene
miR30-SV40 vector was described before.?® Green fluorescent
protein (GFP) was replaced by red fluorescent protein (RFP) in the
pMSCV-LTR-miR30-SV40 vector. Three different knockdown se-

quences of murine LCP1 and scrambled control (Table S1) were
designed and cloned into a pMSCV-LTR-miR30-SV40-RFP vector.

2.4 | Cell culture and retroviral transduction

The Fip1l1- Pdgfra fusion gene-positive human cell line Eol-1 and the
murine 32Dcl3 (hereafter named as 32D) cells were purchased from
DSMZ (Braunschweig, Germany) and cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium supplemented with
25 U/mL penicillin/streptomycin and 10% fetal bovine serum (FBS)
(all from Thermo Fisher Scientific). The medium for 32D cells was
supplemented with 10% WEHI-3B supernatant as IL-3 source. The
MSCV-ERHBD-Hoxb8 vector was a gift from Hans Hacker, St. Jude
Children’s Research Hospital, Memphis, TN. Lineage negative BM
cells were isolated from tibia und femur of C57BL/6 J mice (Lineage
depletion Kit, Miltenyi Biotech). Cells were immortalized by condi-
tional HOXB8 expression as previously described?* and cultured in
Iscove modified Dulbecco medium (Thermo Fisher Scientific) contain-
ing 50ng/mL stem cell factor (SCF) (ImmunoTools, Friesoythe,
Germany), 10% FBS, 25U/mL penicillin/streptomycin, and 1uM
B-estradiol (Sigma-Aldrich). The retroviral transduction of 32D and
Homeobox protein Hox-B8 (HoxB8) immortalized lineage negative
murine BM (hereafter named as SCF-ER-HoxB8 BM) cells was
described before.?> Cells were fluorescence activated cell sorting
(FACS) sorted for GFP or double positivity of GFP and RFP using an

Aria cell sorter (BD Bioscience, Heidelberg, Germany).

2.5 | Proliferation assay

Eol-1 cells (2 x 10°/mL) were seeded in the presence of Enza (freshly
added every 48 hours). Cell counting was performed at the indicated time
points using the CASY Cell Counter (OLS OMNI Life Science, Bremen,
Germany) system. Experiments were performed in triplicates.

2.6 | Lentiviral transduction

pMD2.G (Addgene plasmid # 12259), pRSV-Rev (Addgene plasmid #
12253), and pMDLg/pRRE vectors were generated and provided by
Didier Trono (Addgene plasmid # 12251). Tet-pLKO-puro was a gift
from Dmitri Wiederschain (Addgene plasmid # 21915).2¢ Tet-pLKO-
puro-scrambled was a gift from Charles Rudin (Addgene plasmid #
47541).2” shRNA oligo design and lentiviral transduction protocol
was applied as shown before?®2? (Table S2). Cells were selected
using 500 ng/mL puromycin.

2.7 | Death assay

Eol-1 cells (5 x 10°/mL) were treated with 5 uM Enza. Apoptotic cells
were assessed after 48 or 72hours incubation by Zombie Aqua

staining (Biolegend) according to the manufacturer’s protocol, using a

Gallios flow cytometer (Beckman Colter, Krefeld, Germany). Experi-
ments were performed in triplicates.

2.8 | MTT assay

The MTT assay have been described earlier.% In short, 3 x 10* Eol-1
cells/100 L medium were exposed to increasing concentrations of
Enza in triplicates. Cell viability was analyzed after 72 hours using
10 uL MTT (5 mg/mL) solution that was incubated for 4 hours at 37°C
followed by isopropanol-HCI cell lysis. Adsorption was measured at
550 nm using a microplate reader (Rayto, RT-2100C). The metabolic
process of tetrazolium reduction to formazan reflects the number of

viable cells, and this is, therefore, stated accordingly.

2.9 | Migration assay

The migration of Eol-1 cells was analyzed using transwell chambers (5-um
pore size, Costar). Lower chambers contained RPMI medium supple-
mented with 20% FCS +50 ng/mL CXCL12a. Eol-1 cells were pretreated
with either 5 uM Enza or dimethyl sulfoxide (DMSO) (0.05%) as a control
for 24 hours. Subsequently, 1.5 x 10° Eol-1 cells were loaded into the
upper chamber and were allowed to migrate for 4 hours. Experiments
were performed in triplicates. Migrated cells were counted using a CASY
Cell Counter system. The ratio between migrated cell number and total

cell number was calculated as % of input cells.

2.10 | Colony formation assay

Eol-1 cells were pretreated with 5 uM Enza for 24 hours and seeded
at a density of 500 cells/mL into methylcellulose (MethoCult, H4230,
STEMCELL Technologies), containing 5 uM Enza or the same volume
of DMSO. Experiments were performed in triplicates. Colony

formation was analyzed 4 days after plating using a light microscope.

211 |
BM cells

Eosinophil differentiation of SCF-ER-HoxB8

Eosinophil differentiation was performed by the withdrawal of
B-estradiol from SCF-ER-HoxB8 BM cells. Cells were incubated in
the presence of 5uM Enza, 10 ng/mL IL-5, and 50 ng/mL SCF. Enza,
IL-5, and SCF were freshly added every 48 hours. After 4 days,
5x 10° cells were analyzed for Siglec-F/CD11b double positivity by
flow cytometry (Beckman Colter, Gallios). Parallel experiments
without IL-5 supplementation were performed as negative controls

and all experiments were performed in triplicates.

2.12 | Human eosinophil isolation and
differentiation

Isolation of mature granulocytes or mononuclear cells (MNCs) was
performed after Ficoll density gradient centrifugation as previously
described.®! Eosinophil differentiation was performed in triplicates in

Iscove modified Dulbecco medium (Gibco, Paisley, UK) supplemented
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with 10% FBS, 50uM R-mercaptoethanol, 10U/mL penicillin,
10 pg/mL streptomycin, 2 mM glutamine and SCF (50 ng/mL), FLT-3
ligand (50 ng/mL), GM-CSF (10 ng/mL), IL-3 (10 ng/mL), and IL-5
(10 ng/mL) as previously described.®? After 3 days of differentiation,
only IL-3 and IL-5 were added. On day 8 or 9, both granulocytic cells
and MNCs were stained in the dark at room temperature for
40 minutes with APC-conjugated Siglec-8 and PE-conjugated CCR3
antibody. The cell number of mature granulocytes, isolated from the
pellet, was counted by the CASY cell counter.

2.13 | Preparation of cell lysates, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and
immunoblotting

Preparation of cell lysates, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblotting was performed as
described before.?® In short, cell pellets were lysed in ice-cold
radioimmunoprecipitation assay buffer supplemented with protease/
phosphatase inhibitors (SIGMAFAST Protease Inhibitor, Sigma-
Aldrich), denatured in 1X Lammli buffer at 65°C for 5 minutes and
separated by SDS-PAGE and transferred to polyvinylidene difluoride
(PVDF) membrane (GE Healthcare, Frankfurt, Germany). Western
blotting was performed overnight in Towbin transfer buffer (3 g Tris,
14.4 g glycine, 5% ethanol per liter ddH20) at 100 mA. The PVDF
membrane was blocked in 10% BSA in TBST buffer (20 mM Tris-HClI,
pH 7.6, 137 mM NaCl, 0.05% Tween). The primary antibody (1:1000)
was incubated overnight at 4°C, and the secondary antibody
conjugated to HRP (1:2000) for 45 minutes after three times
washing. Respective proteins were detected via chemiluminescence
(Fusion SL, PeglLab). The ImageJ software was used for protein
quantification analysis.

2.14 | Coimmunoprecipitation

Eol-1 cells were treated with 5uM Enza for 16 hours and lysates were
prepared using coimmunoprecipitation (ColP) buffer (10 mM HEPES pH
7.5, 50 mM NaCl, 30 mM NayzP,0-, 50 mM NaF, 5 uM ZnCl,, 0.2% vol/
vol Triton X-100, 10% glycerin) freshly supplemented with protease/
phosphatase inhibitors. mTOR specific antibody (1:50; #2972; Cell
Signaling Technology) was added to 1 mg of total protein and rotated
at 4°C for 16 hours. Protein A/G PLUS-Agarose (Santa Cruz, sc-2003;
25 uL) was added to the lysate/antibody suspension and rotated at 4°C
for 4 hours. The agarose was washed three times with ColP buffer and
resuspended in 25 pL of 2X Lammli buffer. The suspension was denatured
at 95°C for 5 minutes and used for SDS-PAGE and Western blotting.

2.15 | Real-time quantitative reverse
transcriptase-polymerase chain reaction

RNA isolation was performed by phenol/chloroform (TRIzol, Thermo
Fisher Scientific) extraction according to the manufacturer’s instruc-
tion. One microgram RNA was applied for cDNA synthesis using

MMLV reverse transcriptase (Thermo Fisher Scientific). The

9
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quantitative reverse transcriptase-polymerase chain reaction was
performed using the 7500 Fast Real-time PCR System (Applied
Biosystems, Paisley, UK). SYBR Select Master Mix (Applied Biosys-
tems) was used to evaluate gene expression with the indicated
primer pairs (Table S3). Experiments were performed in triplicates.
GAPDH was used as a housekeeping gene.

2.16 | Software and statistical analysis

All FACS data were evaluated using FlowJo data analysis software
(Treestar). Statistical analysis was performed using GraphPad Prism
software. Mann-Whitney U test was applied for cell line experiments,
and in vitro data from patients were analyzed with Wilcoxon
matched-pairs test. Statistical differences were determined by ns—
not significant, *P < .05, **P < .01, ***P < .001. Data are shown as mean
and standard deviation. The results are representative for at least

three independent experiments.

3 | RESULTS

3.1 | LCP1 regulates AKT and STAT1
phosphorylation downstream of F/P

The PKCgll-activated actin-bundling protein LCP1 was described to
be required for eosinophil migration and activation.’ Therefore, we
explored the involvement of LCP1 in the pathogenesis of HE.

The IL-3-dependent murine cell line 32D is easy to manipulate
and a good tool to analyze signaling pathways and scaffolds.
Therefore, 32D cells were transduced with either an empty vector
(EV) or F/P fusion gene, known to be a driver of HE dependent on
IL-5 cytokine expression.*333% 32D-F/P cells led to cytokine-
independent growth and upregulation of LCP1%¢™ phosphorylation
and total protein expression (Figure 1A). Phosphorylation of LCP15¢"
was inhibited by imatinib treatment, suggesting that LCP1%
phosphorylation is dependent on F/P tyrosine kinase activity (Figure
1B). To analyze whether LCP1 is critical for the survival of F/P-
positive cells, three specific LCP1 shRNA constructs (shLCP1 #1, #2,
and #3) and a scrambled short hairpin RNA (shRNA) control (scr)
were transduced into both 32D-EV and 32D-F/P cells. In IL-3-starved
32D-EV cells, phosphorylation of target proteins was absent, while in
32D-F/P scr cells, STATS5, AKT*®™72 and STAT1Y7°? phosphorylation,
as well as LCP1 protein expression, were increased (Figure 1C). As a
result of LCP1 knockdown (shLCP1 clones #1, #2, and #3),
phosphorylation levels of AKT®™73 and STAT1™7°! were de-

TThr308 \vas increased and

creased, while phosphorylation of AK
STATS5 remained unaltered (Figure 1C), suggesting that the activation
of STAT5 by F/P is LCP1-independent. Furthermore, the proliferation
of the shLCP1 knockdown cell lines was moderately but significantly
reduced in comparison to 32D-F/P scr cells (Figure 1D). Reduction of
STAT1Y7°% and AKT®®™73 phosphorylation was confirmed in the
human eosinophilia-derived F/P-positive cell line Eol-13° when LCP1
messenger RNA (mRNA) expression was targeted by shRNA

(Figure 1E, shLCP1 #2). Although reduction of LCP1 protein was
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not effective in shLCP1 #2 cells, phosphorylation of LCP1%"
was reduced, probably explaining the reduction of p-STAT1 and
pS-AKT (Figure 1E). Again, STAT5 was not influenced by LCP1
knockdown. These data collectively link active LCP1 protein to the
phosphorylation of AKT and STAT1 in F/P-positive cells. Of note,
LCP1 knockdown in Eol-1 cells was not stable, suggesting that LCP1

protein is critical for malignant eosinophil cell survival.

3.2 | Enza reduces cell growth, clonogenic
potential, and migration of Eol-1 cells

To confirm that LCP1 is activated by PKCB,9 Eol-1 cells were

exposed to increasing concentrations of the PKCp-specific

inhibitor Enza. LCP1 phosphorylation was gradually inhibited by
Enza, and this inhibition was enhanced by combination with
imatinib (Figure 2A). The proliferation and metabolic activity of
Eol-1 cells were reduced by Enza and sotrastaurin treatment in a
dose-dependent manner (Figures 2B,C and S1A). Meanwhile, no
significant cell growth reduction of 32D-F/P cells was observed
(Figure S1B), suggesting an eosinophil-specific effect of Enza
independent from direct F/P inhibition. 32D-EV cells did not
survive IL-3 deprivation. We further confirmed a significant
reduction of the clonogenic growth of Enza treated Eol-1 cells
(Figure 2D), which may be due to the induction of apoptosis in long
time treatment. LCP1 inhibition by Enza reduced mRNA expres-

sion of the major basic protein, eosinophil-derived neurotoxin, and
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eosinophil cationic protein and cell migration triggered by
CXCL12a%® (Figure 2E,F). Since CD11b is a critical mediator of
eosinophil functions including migration,®” we analyzed CD11b
cell surface expression of Eol-1 cells. Indeed, Enza treatment
significantly reduced CD11b cell surface expression (Figure 2G).

3.3 | Enza induces cell death and reduces
STAT1™Y"7%1 and AKT®®"73 phosphorylation

Given the inhibitory effect of Enza on Eol-1 cell growth and
eosinophil functions upon a short-time treatment, the induction of
apoptosis was analyzed.

Enza treatment of Eol-1 cells significantly increased the percentage
of nonvital cells in comparison with DMSO control (Figure 3A). In
addition, PARP-1 cleavage, a hallmark of apoptosis, was detected in
lysates of Enza (5uM) treated Eol-1 cells (Figure 3B). Enza was
previously reported to induce f-catenin protein stabilization in multiple
myeloma cells, with accumulated B-catenin being associated with a c-
Jun-mediated increase of TP73 expression, leading to induction of
apoptosis.>” We confirmed the accumulation of f-catenin and c-Jun and
upregulation of TP73 mRNA expression in Enza treated Eol-1 cells
(Figure 3C,D). Thus, these data suggest a similar mechanism of Enza-
induced apoptosis in multiple myeloma and HE cells.

To analyze altered signaling in Eol-1 cells due to Enza treatment, we
applied increasing amounts of Enza (0.2, 1, 5uM) into the cell culture
medium for 16 hours and generated cell lysates. Enza did not decrease
the phosphorylation of STAT5, STAT3, and ERK1/2 (Figure 3E),
suggesting that Enza did not inhibit F/P kinase activity directly.
Importantly, phosphorylation of AKT®*™”® and STAT1™7°! was
decreased in a dose-dependent manner upon Enza treatment, while

KT™3%8 was detected (Figure 3E), comparable

hyperphosphorylation of Al
with LCP1 knockdown experiments (Figures 1C and 1E). A dose-
dependent loss of AKT substrate phosphorylation was observed upon
Enza treatment (Figure 3F,G), demonstrating the importance of AKTSe473
phosphorylation for AKT kinase activity. In addition, more direct
inhibition of AKT activity by wortmannin (phosphatidylinositol 3-kinase
[PI3K] inhibitor), MK2206 (AKT inhibitor) and BEZ235 (dual PI3K and

mTOR inhibitor) efficiently reduced AKT**™”3 phosphorylation and

3.4 | LCP1 regulates AKT>*"73 phosphorylation via
mTORC2

AKT activity is mainly regulated by Pyruvate dehydrogenase

-I—Thr308Y and

lipoamide kinase isozyme 1 (PDK1), phosphorylating AK
the mTORC2 complex, regulating phosphorylation of the residue
Ser473.3% Therefore, we hypothesized that LCP1, which is inacti-
vated by Enza treatment, regulates mTORC2 activity. We demon-
strate that in Eol-1 cells PDK1%%"24! phosphorylation, essential for
PDK1 activity, was not altered by Enza treatment (Figure 4A).
However, the mRNA expression levels of the mTORC2 components
Rictor and Deptor were reduced (Figure 4B). It was reported that p-
AKTTh308 regylates the phosphorylation of AKT®™73 via mTORC2
component Sin1.% Since we observed that Enza treatment and LCP1
knockdown led to dephosphorylation of AKT®*™73 but hyperpho-
sphorylation of AKT™"3%® (Figures 3E and 4C), the activity of Sinl
was analyzed. As hypothesized, Sin1™®% was dephosphorylated in
Eol-1 cells after Enza treatment (Figure 4C). Moreover, Sin1 protein
expression and its phosphorylation at Thr86 were reduced by LCP1
knockdown in 32D-F/P cells (Figure 4D). Finally, we confirmed the
interaction of endogenous LCP1 with mTOR and GRBL, two subunits
of the mTORC2 complex (Figure 4E). This interaction, although weak,
decreased, if Eol-1 cells were treated with Enza. Collectively, our
data indicate a critical role of LCP1 in mTORC2 complex activity,
which is accordingly responsible for the phosphorylation of
AKTSer473.

3.5 | LCP1 knockdown inhibits eosinophil
differentiation and reduces AKT/STAT1 expression in
SCF-ER-HoxB8 cells

To investigate the role of LCP1 in eosinophil differentiation in a
primary cell system, immortalized murine BM progenitor cells were
generated by stable expression of the Hoxb8 gene.? In the presence
of B-estradiol, these progenitor cells (SCF-ER-HoxB8 cells) remain
undifferentiated, and upon removal of g-estradiol and addition of IL-
5, SCF-ER-HoxB8 cells differentiate into mature eosinophils.24 While
DMSO-treated SCF-ER-HoxB8 cells gave rise to 11.34% (+2.73%)

proliferation of Eol-1 cells (Figure S2A,B,C), confirming an important role eosinophils (Siglec-F*/CD11b"), Enza treatment significantly de-

of AKT in eosinophil survival 3 creased eosinophil differentiation to 1.12% (£0.42%) without

<

FIGURE 2 Enzastaurin inhibits cell growth, colony-forming ability and migration of Eol-1 cells. A, Eol-1 cells were treated with increasing
concentrations of enzastaurin (Enza) or 50 nM imatinib (Ima) + 1 uM enzastaurin for 4 hours and analyzed by immunoblotting with the indicated
antibodies. B, Eol-1 cells (2 x 10°/mL) were cultured in the presence of 5 UM enzastaurin or DMSO as control. The cell number was analyzed daily for 6
days. SD is indicated, *P < .05, **P < .01, ***P < .001. C, Metabolic activity of Eol-1 cells (3 x 10% per well) was analyzed after 72 hours of enzastaurin
treatment (0.5, 1, 2, and 5 uM). MTT absorbance was measured at 550 nm. D, After DMSO (control) or 5 uM enzastaurin pretreatment (24 hours), Eol-1
cells (500 per well) were added into cytokine free methylcellulose with 5 uM enzastaurin or equal amount of DMSO. Colony number was counted under
a light microscope at day 4. (E) Eol-1 cells (1 x 10%/mL) were subjected to 5 M enzastaurin for 24 hours. mRNA expression of MBP, ECP, and EDN was
analyzed by qRT-PCR and are shown as % of GAPDH. (F) Eol-1 cells were pretreated with DMSO or 5 uM enzastaurin for 24 hours. Transwell assays
were then performed using 1.5 x 10° cells per well. CXCL12a (50 ng/mL) was used as a chemoattractant. Migrated cells were analyzed after 4 hours of
incubation. (G) Flow cytometry analysis of CD11b cell surface expression level of Eol-1 cells was assessed after 24 hours of exposure to DMSO or 5 uM
enzastaurin. DMSO, dimethyl sulfoxide; ECP, eosinophil cationic protein; EDN, eosinophil-derived neurotoxin; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; MBP, major basic protein; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; gRT-PCR, quantitative reverse
transcriptase-polymerase chain reaction. **P < .01, ***P <.001 [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Enzastaurin induces apoptosis and reduces STAT1, AKT, and LCP1 phosphorylation in Eol-1 cells. A, Eol-1 cells (1 x 10%/mL) were
subjected to 5 uM enzastaurin (Enza). FACS analysis using Zombie Aqua staining after 48 and 72 hours incubation was used to assess nonvital cells. B,
Eol-1 cells were treated with either 1 or 5uM enzastaurin for 16 hours and (cleaved) PARP-1 was detected by immunoblotting. GAPDH staining was
used as a loading control. C, Western Blot analysis of [3-Catenin, c-Jun protein expression in lysates of Eol-1 cells after 1 or 5 uM enzastaurin treatment
for 16 hours. D, Eol-1 cells were treated with enzastaurin (5 uM) for 16 hours and RNA was isolated. TP73 mRNA expression was analyzed by qRT-PCR.
E, Eol-1 cells were treated with increasing concentrations of enzastaurin for 16 hours and analyzed by immunoblotting with the indicated antibodies. F,
Lysates of DMSO or enzastaurin (0.2, 1, 5 uM; 16 hours) treated Eol-1 cells were subjected to SDS-PAGE and immunoblotting. Phospho-AKT substrate
was accessed. GAPDH served as a loading control. G, The signals from F were quantified by densitometry. The intensities of Phospho-AKT substrate
versus GAPDH were calculated (n = 3) and normalized to DMSO control. DMSO, dimethyl sulfoxide; FACS, fluorescence activated cell sorting; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; LCP1, lymphocyte cytosolic protein 1; mRNA, messenger RNA; qRT-PCR, quantitative reverse
transcriptase-polymerase chain reaction; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; STAT, signal transducer and activator of
transcription. SD is illustrated. *P < .05, **P < .01 [Color figure can be viewed at wileyonlinelibrary.com]

affecting overall cell viability (Figures 5A and S3A). Furthermore, We confirmed increased protein expression and phosphorylation
knockdown of LCP1 in SCF-ER-HoxB8-EV cells led to a significant of LCP1 in SCF-ER-HoxB8 cells stably expressing F/P (Figure 5D). In
reduction of the IL-5-driven Siglec-F*/CD11b" double-positive the following, LCP1 knockdown (up to 74%) was performed in SCF-
eosinophil population similar to Enza treatment (Figure 5B, ER-HoxB8-F/P cells (Figure 5E). Although the phosphorylation of
shLCP1#2 and shLCP1#3). In IL-5-stimulated SCF-ER-HoxB8-EV ~ STAT1™7°%and AKT**"*73was not detectable in SCF-ER-HoxB8-F/P

control cells, LCP1%¢™ phosphorylation was detectable, and knock- cells, the expression of both proteins was reduced, and AKTT"308
down was confirmed in clones #2 and #3 but not in clone #1 (Figure phosphorylation was upregulated by LCP1 knockdown (Figure 5E). In
5C). In keeping with this result, clones #2 and #3, but not clone #1, addition, moderate but significant impairment of cell proliferation

showed a reduction in the differentiation potential into eosinophils was detected in SCF-ER-HoxB8-F/P shLCP1#1, #2 and #3 cells in
(Figure 5B). comparison to scr control (Figure 5F). Although SCF-ER-HoxB8-F/P
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cells were able to grow in SCF-free medium, eosinophil differentia-
tion of SCF-ER-HoxB8-F/P cells, was not possible (Figure S3B),
potentially due to the manifestation of an oncogene-dependent
differentiation block.

In summary, LCP1 protein is critical for IL-5-driven eosinophil
differentiation in progenitor cells of murine origin.

3.6 | Enza inhibits eosinophil differentiation of
primary cells from patients with HE

In the following, peripheral blood or bone marrow samples from
patients with HE were collected (Table 1), and the granulocytic
population was separated over a ficoll density gradient. Cytospins
and flow cytometry analysis for Siglec-8/CCR3 positivity confirmed
the presence of mature eosinophils (cytospin example shown in
Figure 6A,B). The percentage of mature eosinophils (Siglec-8*/
CCR3") increased during in vitro culture in the presence of IL-5
(Figure 6B). Enza treatment significantly decreased the Siglec-8*/
CCR3" cell population and overall granulocytic cell number
(Figure 6B-D). MNCs of the same patients were isolated and
differentiated into eosinophils in vitro for 8 to 9 days. Enza treatment
significantly reduced the differentiated granulocytic cell population
in comparison to the DMSO control (Figure 6E,F). In addition, a mild
but significant decrease in Siglec-8 cell surface expression was
observed (Figure 6G,H). Together, our data show that Enza reduces
the cell number of aberrant eosinophils and partly blocks the
differentiation of immature granulocytic cells into eosinophils.

4 | DISCUSSION

Most HE patients who harbor rearranged PDGFRA or PDGFRB
oncogenes are sensitive to the TKI imatinib. However, only a minority
of 10%-15% of HE patients carry these genetic abnormalities.
Currently, most of the remaining PDGFRA/PDGFRB-negative HE
patients receive corticosteroids or interferon-alpha treatment with
limited efficacy and significant long-term side effects, and novel
treatment options are desperately needed.>*°

9
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Eosinophils have especially high amounts of actin and actin
dynamic modulators important for tissue invasion and chemotaxis,
priming and degranulation.”® One of these modulators, LCP1, is
highly expressed in different cancer cells, implicating LCP1 as a
potential biomarker,’®!! and we observed LCP1 to be highly
expressed and phosphorylated in F/P-positive cells (Figures 1 and
2A). The knockdown of LCP1 led to a low but significant reduction of
proliferation of 32D-F/P cells, while no stable LCP1 knockdown clone
of Eol-1 cells could be generated, suggesting a crucial role of LCP1 in
aberrant eosinophils. Interestingly, neutrophils of LCP1 knockout
mice were lacking the ability to manage bacterial infections,** while
eosinophils have not been analyzed. As the establishment of stable
LCP1 knockdown in Eol-1 cells was not successful and a direct link of
cell loss and LCP1 protein reduction is missing, the generation of an
inducible CRISPR/Cas9-driven knockout of the Lcpl gene is a future
perspective and Icp1 knockout mice will be a valuable tool.

PKCBII has been reported to phosphorylate LCP1 on Ser5,” and
we demonstrated that PKCg-specific inhibition by Enza led to LCP1
dephosphorylation. PKC proteins are activated downstream of
phospholipase Cy, known to be activated by F/P and the PDGF
receptors,*? potentially explaining the increase in LCP1%¢™ phos-
phorylation. Similar to 32D-F/P cells, BCR-ABL- as well as
JAK2V617F-expressing 32D cells showed strong phosphorylation
of LCP1%, which was inhibited by Enza treatment (Figure S4),
illustrating the upregulation of LCP1%°™ by different oncoproteins in
myeloproliferative neoplasms (MPN) as a more general finding. Enza
has been used in phase Il or phase Il clinical trials for the treatment
of several malignant diseases, including aggressive lymphomas,
glioblastoma, ovarian cancer, and lung cancer.***’ Despite limited
benefits shown in these tumors in a single treatment, Enza
demonstrated manageable side effects and a good hematologic
toxicity profile.***® Furthermore, more recent studies suggest
combining Enza with ibrutinib®? or all-trans retinoic acid®° in diffuse
large B cell lymphoma and acute promyelocytic leukemia, respec-
tively. In the present study, Enza resulted in a significant reduction of
migration, proliferation, viability, and clonogenic growth as well as
induction of cell death of aberrant eosinophilic cells (Figures 2 and 3).

In eosinophils, the AKT kinase participates in eosinophil
functions, such as recruitment and adhesion, and stimulates

<
FIGURE 4

LCP1 knockdown and enzastaurin treatment reduce p-Sinl and mTORC2 activity. A, Eol-1 cells were incubated with different

concentrations of enzastaurin (Enza) (0.2, 1, and 5 uM) as well as 50 nM imatinib for 24 hours. PDK1 phosphorylation was analyzed by Western
blot analysis. B, Eol-1 cells were subjected to either DMSO or 5 uM enzastaurin for 24 hours and RNA was isolated. mRNA expression of Rictor
and Deptor were assessed by RT-qPCR in triplicates. C, Eol-1 cells were exposed to enzastaurin (5 uM) for the indicated time span. AKT protein
expression and phosphorylation at both Ser473 and Thr308 as well as Sin1 protein expression and phosphorylation at Thr86 were accessed by
Western blot analysis. The ratio of p—Sianhrsé vs GAPDH was calculated by densitometry (n = 3). D, After WEHI-3B removal overnight, Sinl
protein expression and phosphorylation at Thr86 of 32D-F/P cells transduced with either LCP1 knockdown vectors (shLCP1#1, #2, #3) or
scrambled control (scr) were analyzed by Western blot analysis and quantified by densitometry. The ratio of Sin1™"8¢ vs GAPDH was calculated
(n=3). SD is illustrated. *P < .05, **P < .01, ***P < .001. E, Eol-1 were treated with enzastaurin (5 uM) for 16 hours and lysates were prepared.
Immunoprecipitation targeting mTOR was performed and the precipitates were used for SDS-PAGE and Western blot analysis. Whole-cell
lysates (WCL) were used as reference and immunostaining was performed with the indicated antibodies. DMSO, dimethyl sulfoxide; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; LCP1, lymphocyte cytosolic protein 1; mRNA, messenger RNA; mTORC2, mammalian target of
rapamycin complex 2; RT-gPCR, real-time quantitative reverse transcriptase-polymerase chain reaction; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 LCP1is a critical mediator for eosinophil differentiation. A, SCF-ER-Hoxb8 immortalized BM cells were incubated with 10 ng/mL
IL-5 and treated with 5 uM enzastaurin or DMSO for 4 days upon withdrawal of -estradiol. The parallel experiment without IL-5 stimulation
was set as a negative control. Flow cytometry analysis was performed to evaluate eosinophil differentiation by Siglec-F and CD11b cell surface
expression. The graph illustrates three independent experiments. SD is given. B, Immortalized SCF-ER-Hoxb8 cells were retrovirally transduced
with EV or F/P. Three different shRNA constructs targeting LCP1 (shLCP1#1, #2, #3), as well as one scrambled control (scr), were retrovirally
transduced into SCF-ER-Hoxb8-EV cells. EV shLCP1 cells were cultivated for 48 hours upon withdrawal of g-estradiol followed by IL-5

(10 ng/mL) stimulation for 20 minutes. The Siglec-F and CD11b double-positive population (%) of indicated SCF-ER-Hoxb8-EV cells was
analyzed by flow cytometry. Means of three independent experiments and SD are given. C, SCF-ER-Hoxb8-EV cells were treated like in B. LCP1
expression and Ser5 phosphorylation were assessed by Western blot. D, p-LCP1%¢™ and expression levels of LCP1 were analyzed in lysates of
SCF-ER-Hoxb8-EV vs SCF-ER-Hoxb8-F/P cells by Western blot analysis. E, Three different shRNA constructs targeting LCP1 (shLCP1#1, #2,
#3) as well as one scrambled control (scr) were retrovirally transduced into SCF-ER-Hoxb8-F/P cells. Upon removal of -estradiol for 2 days,
LCP1 expression as well as STAT1 and AKT expression and phosphorylation levels were measured by Western blot analysis. Eol-1 cells were
used as a positive control. F, SCF-ER-Hoxb8-F/P cells (2 x 10°/mL) were subjected to IL-5 (10 ng/mL) upon removal of -estradiol. Cell numbers
were analyzed after 48 hours of cultivation by the CASY cell counter. DMSO, dimethyl sulfoxide; HoxB8, Homeobox protein Hox-B8; LCP1,
lymphocyte cytosolic protein 1; SCF, stem cell factor; shRNA, short hairpin RNA; STAT signal transducer and activator of transcription. SD is
illustrated. *P < .05, **P < .01, ***P <.001 [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Enzastaurin treatment of HE primary samples lowers the eosinophil population and maturation. A, Peripheral blood granulocytes from

HE patient were stimulated with IL-5 (10 ng/ml) for 8 days. Wright-Giemsa staining was used after cytospin preparation. B, C, HE patient-derived
peripheral blood granulocytes were stimulated with IL-5 (10 ng/mL) and subjected to 5 uM enzastaurin. Flow cytometry was performed for Siglec-8 and
CCRS3 double-positive cell populations between days 8 and 9. D, The granulocytic cell number of HE patients was measured by using CASY cell counter.
E, F, MNCs from HE patient peripheral blood were harvested after Ficoll centrifugation. Eosinophil differentiation was initiated in media supplemented
with DMSO or 5 uM enzastaurin and the granulocytic population (FSC/SSC high) was analyzed by FACS after 8 to 9 days. G, H, Siglec-8 median
fluorescence intensities (MFI) of differentiated eosinophils from MNCs, cultured in DMSO or enzastaurin (5 uM) supplemented media for 8 to 9 days,
were measured by FACS and normalized to DMSO control using Flowjo software. DMSQO, dimethyl sulfoxide; FACS, fluorescence activated cell sorting;
HE, hypereosinophilia; IL-5, interleukin-5; MNC, mononuclear cell. SD is given. **P <.1 [Color figure can be viewed at wileyonlinelibrary.com]

survival.37851 AKT is commonly regarded as a survival factor, and
we demonstrate loss of viability of Eol-1 cells when AKT activity was
pharmacologically targeted (Figure S2). Interestingly, only phosphor-
ylation of AKTS¢™72 was inhibited by Enza, in contrast to AKT 308,
which was hyperphosphorylated. In embryonic stem cells lacking
PDK1, an increase of Ser473 associated with the loss of Thr308

phosphorylation was demonstrated due to higher activity of PI3K.>2

A similar but reciprocal mechanism in our cell system is imaginable,
with increased AKT recruitment to the cell membrane in proximity to
active PDK1. Accordingly, nonaltered p-PDK1 after Enza treatment
was demonstrated, while phosphorylation of Sin1, part of the
mTORC2 complex was reduced, which is reported to be critical for
the feedback loop between the two mentioned AKT phosphorylation
sites.3? shown that the

Furthermore, it was previously
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FIGURE 7 Schematic overview of the mechanism of LCP1 function in cell signaling in hypereosinophilia. LCP1, which is activated through
phosphorylation at Ser5 by PKCB (downstream of the F/P oncoprotein in HES/CEL), is crucial for AKT®®™#73 phosphorylation triggered by the
mTORC2 complex. Overall AKT activity was reduced upon LCP1 knockdown or enzastaurin treatment. AKT™"3%8 becomes
hyperphosphorylated due to a potential intracellular entrapment close to active PDK1 after LCP1 protein or activity loss. Furthermore, our data
suggest a role of LCP1 in complex formation and/or cellular localization of the mTORC2 complex leading to Sin1 dephosphorylation. Therefore,
LCP1 may orchestrate differential signaling knots via alterations of the actin cytoskeleton in HE, blocked by enzastaurin. Cytokine receptors are
depicted to illustrate a potential implication of LCP1 in e.g. IL-5 receptor complex-induced signaling. CEL, chronic eosinophilic leukemia; HE,
hypereosinophilia; HES, hypereosinophilic syndrome; LCP1, lymphocyte cytosolic protein 1; mTORC2, mammalian target of rapamycin complex
2; PDK1, Pyruvate dehydrogenase lipoamide kinase isozyme 1 [Color figure can be viewed at wileyonlinelibrary.com]

ATP-competitive AKT inhibitor GDC-0068 reduced phosphorylation
of Ser473 in Hela cells, while increased phosphorylation of Thr308
was observed.”® We exclude direct inhibition of AKT by Enza, as
treated BCR-ABL-positive 32D cells showed no change in Ser473
phosphorylation (Figure S4B). Importantly, overall AKT activity was
impaired after Enza treatment (Figure 3F,G). Although it was stated
that AKT®®™#73 s a direct target of PKCRII,>* the cited study was
performed with the multikinase inhibitor PKC412 and described
downregulation of both phosphorylation sites Ser473 and Thr308,>°
clearly demonstrating a different and/or broader underlying inhibi-
tory mechanism, probably involving LCP1.

It is currently a matter of discussion which phosphorylation sites
of AKT, Thr308 or Ser473, is more crucial for AKT kinase

5356-58 and further phosphorylation sites important for cell

activity,
cycle-dependent AKT activity have come into focus.’® A previous
study demonstrated that transient phosphorylation of AKTT"r308
triggered by CXCL12a was impaired by siRNA targeting LCP1 in T
lymphocytes.® However, in F/P-positive cells we detected stronger
AKTT308 byt reduced AKTS™72 and Sin1™®¢ phosphorylation by
LCP1 knockdown (Figures 1C, 1E, and 4D), in line with depho-
sphorylation of LCP1 by Enza (Figures 3E and 4C). Likewise, in SCF-
ER-HoxB8-F/P cells, AKTT""3%8 phosphorylation was increased when
LCP1 protein expression was downregulated (Figure 5E). AKT 473
phosphorylation was not detectable, probably due to specific
mTORC2 activity or expression profiles in SCF-ER-HoxB8-F/P cells.
Furthermore, loss of Sin1l protein in 32D LCP1 knockdown cells
(Figure 4D) may be related to altered expression patterns of the six

alternative Sin1 isoforms due to LCP1 protein reduction.®® Together,

our data suggest that LCP1 is required for the activity or complex
formation of mMTORC?2 in F/P positive cells (see Figure 7). In addition,
LCP1 loss potentially influences PI3K activity or impedes dissociation
of AKT from the membrane and active PDK1.

We found STAT1 to be dephosphorylated by Enza treatment and
LCP1 knockdown, while STAT5 stayed unaffected. STAT5 activity is a
crucial factor for survival of F/P-positive cells,® nucleocytoplasmic
shuttlings of STATS5 is described to be dependent on scaffolding
proteins, such as GAB2-PI3K®%% and FAK/PAK®*®> and serine
phosphorylation of STAT5 is partly mTOR dependent.44” Although,
no loss of STAT5 tyrosine phosphorylation was detected after Enza
treatment, pYSTAT5 may be enriched in the cytoplasmic compart-
ment due to LCP1 inhibition. Just recently, the STAT5 N642H was
recurrently detected in myeloid neoplasms with eosinophilia.?® The
efficacy of Enza in these cases would be of future interest.

In eosinophils, STAT1 is reported to be critical for adhesion to
epithelial cells by increasing intracellular adhesion molecule (ICAM) 1
expression.®” Eosinophil migration from the blood into different
tissues is a key process in HE pathogenesis.? Inhibition of PKC
activity was already shown to reduce eotaxin or IL-5-triggered shape
change of eosinophils.”® We confirmed that Enza treatment reduced
migration of Eol-1 cells and CD11b surface expression (Figure 2F,G).
In T lymphocytes, integrin-induced cell migration towards CXCL12a
is controlled by LCP1.2® Furthermore, B cells with LCP1 knockout
demonstrate loss of CXCL12- and CXCL13-induced motility, assum-
ably due to diminished Pyk2 signaling.”? FAK (focal adhesion kinase),
like Pyk2, belongs to the FAK family of kinases which activate STAT1,

and STAT1 depletion results in reduced migration.”? In conclusion,
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loss of STAT1 phosphorylation may at least in part explain decreased
eosinophil migration after either Enza treatment or LCP1 knock-
down. In addition, in T cell leukemia and macrophages, STAT1
regulates inducible nitric oxide synthase expression and nitric oxide
(NO) generation.”® This represents a conceivable function of STAT1
in eosinophils. Further studies are needed to better define the role of
LCP1 in STAT1 activation in eosinophils. Beyond migration, integrins
have been shown to be essential for both eosinophil rolling and
adhesion,”* which further supports the approach of PKC and LCP1
inhibition as a potential treatment in HE.

Inhibition of differentiation is a promising clinical approach to
reduce the amount of mature, hyperactive eosinophils.”” Existing
therapies targeting the key cytokine IL-5 or its receptors, such as
the monoclonal antibodies mepolizumab or benralizumab, aim to
achieve decreased blood eosinophilia, albeit with varying suc-
cess.”®”7 Since there is a link between LCP1 and integrin
activation,”’? together with our findings that shLCP1 impairs
eosinophilic differentiation (Figure 5B), LCP1 presumably play a
role in the IL-5 signaling pathway. This hypothesis is supported by
our data demonstrating that Enza inhibits IL-5-induced eosinophil
differentiation of SCF-ER-HoxB8 cells (Figure 5A), and reduces
maturation and differentiation of HE patient-derived MNCs
(Figure 6E,F) as well as the Ficoll-enriched granulocytic cell
population (Figure 6B,C). Although most of the observed
granulocytes will be eosinophils in the collected HE patient
samples, it is suggestive of a general decrease of granulocytes
due to Enza treatment. Meanwhile, two patient samples with
MPN- or AML-associated eosinophilia carrying ABL mutations
(BCR-ABL and ETV6-ABL, respectively) were treated with Enza
but showed marginal loss (ETV6-ABLY) or even an increase in
Siglec-8/CCR3 positivity (BCR-ABL*) (Figure S5A). The interac-
tion between PKCB and CML is not fully understood, but PKC
inhibitor treatment was described to prevent apoptosis in CML
CD34" cells.”® This observation is in line with our finding, that
Enza did not harm the BCR-ABL-positive cell line K562 (Figure
S5B). Therefore, Enza is not expected to show clinical benefit in
HE patients with ABL translocations. Just recently, high expres-
sion of LCP1 was demonstrated in multiple myeloma and its
inhibition overcame proteasome inhibitor resistance,”’ again
highlighting LCP1 as a worthwhile target in leukemia.

In conclusion, this study illustrates a novel application of the
PKCg-specific inhibitor Enza in HE. Combinatory treatment of
myeloid neoplasm with eosinophilia with Enza and JAK, PDGFR
or Aurora kinase inhibitors could be an interesting topic for
future analysis. Furthermore, we highlight LCP1 as a potential
biomarker and a critical mediator in eosinophil differentiation as
well as of mMTORC2 and STAT1 activity.
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