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ORIGINAL ARTICLE
A genome-wide RNAI1 screen identifies proteins modulating
aberrant FLT3-ITD signaling

A Caldarelli"”8, JP Miller®”, M Paskowski—Rogacz1, K Herrmann?, R Bauer??, S Koch*®°, AK Heninger”o, D Krastev', L Ding1,
S Kasper>'®"", T Fischer®, M Brodhun®, F-D Bshmer? and F Buchholz'

Fms-like tyrosine kinase-3 is a commonly mutated gene in acute myeloid leukemia, with about one-third of patients carrying an
internal-tandem duplication of the juxtamembrane domain in the receptor (FLT3-ITD). FLT3-ITD exhibits altered signaling quality,
including aberrant activation of STAT5. To identify genes affecting FLT3-ITD-mediated STAT5 signaling, we performed an esiRNA-
based RNAI screen utilizing a STAT5-driven reporter assay. Knockdowns that caused reduced FLT3-ITD-mediated STAT5 signaling
were enriched for genes encoding proteins involved in protein secretion and intracellular protein transport, indicating that
modulation of protein transport processes could potentially be used to reduce constitutive STAT5 signaling in FLT3-ITD-positive
cells. The relevance of KDELR1, a component involved in the Golgi-ER retrograde transport, was further analyzed. In FLT3-ITD-
expressing leukemic MV4-11 cells, downregulation of KDELR1 resulted in reduced STATS5 activation, proliferation and colony-
forming capacity. Stable shRNA-mediated depletion of KDELR1 in FLT3-ITD-expressing 32D cells likewise resulted in reduced STAT5
signaling and cell proliferation. Importantly, these cells also showed a reduced capacity to generate a leukemia-like disease in

syngeneic C3H/HeJ mice. Together our data suggest intracellular protein transport as a potential target for FLT3-ITD driven
leukemias, with KDELR1 emerging as a positive modulator of oncogenic FLT3-ITD activity.
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INTRODUCTION

Fms-like tyrosine kinase-3 (FLT3) belongs to the PDGF-receptor
family of receptor tyrosine kinases (RTK), and is involved in
proliferation and differentiation of B-cell progenitors, myelomo-
nocytic and dendritic cells, as well as in the maintenance of
pluripotent hematopoietic stem cells. FLT3 is expressed in multiple
hematopoietic lineages' and is activated by its specific ligand FL.
The wild-type receptor signals via the AKT-PI3K and the MAPK/ERK
pathways.** Constitutive activation of FLT3 by mutations occurs in
hematological malignancies, most commonly in acute myeloid
leukemia (AML), causally contributing to leukemia formation.>®
The most prevalent type of mutations are internal tandem
duplications of sequence in the juxtamembrane domain (FLT3-
ITD) and have been found in ~30% of acute myeloid leukaemia
cases.”® The occurrence of FLT3-ITD mutations is associated with
poor prognosis and FLT3 is considered a promising target for
therapy of AML>™"" FLT3-ITD mutant cells are characterized by
constitutive, ligand-independent receptor activity. In addition,
FLT3-ITD, but not ligand-activated FLT3 WT, phosphorylates STAT5
and upregulates its targets, such as Pim-1/2 kinases.*®'?> The
altered signaling quality of FLT3-ITD is tightly associated with its
strong transforming potential, pronounced anti-apoptotic effects,

and the suppression of myeloid cell differentiation.*'?"'> FLT3-ITD
is also characterized by impaired maturation, leading to
accumulation of underglycosylated proteins in endoplasmatic
reticulum (ER)-associated compartments.'’ Insight into the
mechanisms of retention, in particular, the identification of
factors involved in the biogenesis of FLT3-ITD could possibly be
exploited to control its transforming capacity.

In order to identify the components controlling the activity of
FLT3-ITD, we performed a genome-wide endoribonuclease-
prepared siRNA (esiRNA)'® screen, employing a STAT5-driven
luciferase reporter system and a FLT3-ITD-expressing cell line.
Among downregulated components reducing STAT5 activity,
genes encoding proteins involved in intracellular protein
transport were found to be enriched. Selected genes reducing
FLT3-ITD activity were further validated in MV4-11 human
leukemia cells and in FLT3-ITD-expressing 32D cells. In addition
to impaired FLT3-ITD activity upon transient knockdown, stable
downregulation of KDELR1, a protein that is involved in the
retention of proteins in the luminal endoplasmic reticulum,
resulted in reduced proliferation, colony formation and capacity
of 32D cells to generate a leukemia-like disease in syngeneic C3H/
HeJ mice.
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MATERIAL AND METHODS
Plasmids and esiRNA

Plasmid pLHRE-firefly-luciferase encoding firefly luciferase under the
control of a six times-repeated lactogenic hormone responsive element
(LHRE) was from Vincent Goffin, (University Descartes of Paris, France)."”
Plasmid pRL-SV40-Renilla-luciferase was purchased from Promega
(Mannheim, Germany). EsiRNA preparation was performed as reported
previously'® using cDNA derived from HEK293 or MV4-11 cells.

Plasmid pLKO.1 vectors encoding shRNA constructs targeting murine or
human KDELR1 and plasmid pLKO.1 encoding a non-targeting control
shRNA were obtained from Sigma-Aldrich (MISSION shRNA lentivirus-
mediated transduction system; Taufkirchen, Germany). If necessary, the
puromycin resistance gene was replaced by a neomycin resistance-
conferring gene using standard cloning techniques.

Cell lines

The human embryonal kidney cell line HEK293 (obtained from the DSMZ,
Braunschweig, Germany) was cultured in DMEM/F12 supplemented with
Glutamax, 10% fetal calf serum (FCS) (Invitrogen, Darmstadt, Germany),
20mm HEPES, pH 7.3, 50 mm B-mercaptoethanol and 2mm L-glutamine.
Cells were grown at 37 °C, in a 5% CO2-humidified incubator. The human
leukemic cell line MV4-11 was cultured in RPMI-1640 supplemented with
Glutamax, 10% heat-inactivated FCS. Cells were grown at 37°C in a 5%
CO2-humidified incubator.

The coding sequence of the human FLT3 wild type or FLT3-ITD were
subcloned into the bicistronic pIREShyg3 vector (Takara Bio Europe/
Clontech, St-Germain-en-Laye, France). This ITD allele (36 bp) integrates
between codons 598 and 599 in the JM domain of FLT3, and was described
previously.”® 10 ug plasmid DNA were transfected into HEK293 cells by
electroporation. Cells were selected with 50pg/ml hygromycin B
(Calbiochem/Merck Chemicals Ltd., Nottingham, UK) and polyclonal cell
lines were wused for further experiments. FLT3 expression and
phosphorylation were confirmed by immunoblot analysis and flow
cytometry as described."®

32D cells stably expressing murine FLT3-ITD were kindly provided by R
Grundler and J Duyster (Technical University Munich, Germany).2° The cells
were maintained in RPMI-1640 medium supplemented with sodium
pyruvate (5mg/ml), 10% heat-inactivated fetal calf serum (FCS),
L-glutamine (2mwm), and 1ng/ml IL-3 or conditioned medium obtained
from murine IL-3 producing BPV cells.?' Cells were cultured in a humidified
incubator at 37 °C with 5% CO,.

Antibodies and chemicals

Anti-P-p44/42 MAPK (Thr202/Tyr204, E10, #9106), anti-P-STAT5 (Y694,
EPITOMICS, #1208-1), and anti-STAT5 (#9310) antibodies were from Cell
Signaling Technology (Frankfurt, Germany). Anti-P-STAT5A/B (Tyr 694/699,
05-886) was purchased from Upstate/Millipore (Schwalbach, Germany),
and anti-Erk1 (# M12320) was obtained from BD Transduction Laboratories
(Heidelberg, Germany). Anti-GAPDH (Human and Mouse, 1D4) was from
Novus Biological (Littleton, CO, USA). For FACS analysis, R-Phycoerythrin (R-
PE)-conjugated mouse monoclonal anti-FLT3 (BD, Heidelberg, Germany,
Cat # 558996) was used. Antibodies recognizing 8-actin or vinculin were
obtained from Sigma-Aldrich. HRP-coupled secondary anti-mouse IgG and
anti-rabbit 1gG antibodies were from KPL (Gaithersburg, MD, USA). HRP-
coupled secondary anti-goat IgG (sc2056) was from Santa Cruz (Heidel-
berg, Germany). Recombinant human FL and murine IL-3 were purchased
from Peprotech, (London, UK).

Genome-scale esiRNA screen

The esiRNA library employed has been described elsewhere.'® For the
screen, the pLHRE-firefly-luciferase and the pRL-SV40-Renilla-luciferase
plasmids were co-transfected with individual esiRNAs in an arrayed fashion
into HEK293 FLT3-ITD cells. For standardization at each microtiter plate 4
replicated samples with esiRNA-targeting human FLT3 (positive control)
and esiRNA-targeting GFP (negative control) were applied. Transfection of
HEK293 FLT3-ITD for high-throughput screen was performed employing
the transfection reagent Effectene (Qiagen, Hilden, Germany). Twenty five
nanograms of pLHRE-firefly-luciferase and 25ng of pRL-SV40-Renilla-
luciferase were mixed with 50ng of esiRNA in 5pl, 0.6ul enhancer
(Qiagen) and 5.4 pl EC buffer (Qiagen) in 384-well plates (Greiner, Solingen,
Germany) and subsequently incubated at room temperature for 5min.
0.25 pl of Effectene together with 4.75 pl of EC buffer were added, then the
plate was centrifuged and incubated for 20 min at room temperature (RT).
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Thereafter, 4000 cells were seeded in 30 pl of culture medium on top of the
formed transfection complex, and after 24 hours, additional 30pul of
medium was added to the wells. Luciferase assays were performed 72
hours after transfection using the Dual Glo luciferase assay (Promega,
Madison, WI, USA), according to the procedure recommended by the
manufacturer. Z-score values as reference for STAT5 promoter activity were
calculated according to z= (x-u)/9 (x, value of particular sample; i, mean of
all samples; o, standard deviation of all samples). Z represents the distance
between the particular sample score and the population mean in units of
the standard deviation. The primers used to generate secondary esiRNAs
for the 35 top hits after the primary validation are presented in
Supplementary Table 1.

Electroporation of MV4-11 cells was performed as reported by John
et al.*? Briefly, 500 000 MV4-11 cells were electroporated with 5 ug of gene-
specific esiRNA in 500 pl of culture medium, by a single pulse at 330V, for
10 ms using the ECM830 electroporator (BTX, Holliston, MA, USA). After the
pulse, the cells were incubated at RT for 15 min, before they were seeded
in 4.5 ml of pre-warmed culture medium.

RT-qPCR

mRNA was extracted from MV4-11 by Trizol (Invitrogen) according to
the protocol of the manufacturer. For reverse transcription of mRNA
the Super Script Il kit (Invitrogen) was used. Real-time gRT-PCR was
performed using the MX300 (Stratagene, Santa Clara, CA, USA) and the
ABgene (Hamburg, Germany) SYBR-Green master mix. Gene-specific
primers used were: B-Tubulin-forward, 5'-ATGGCAGTCACCTTCATTGG-3/,
B-Tubulin-reverse, 5'-CCGAAATCCTCCTCCTCTTC-3'; KDELR1-forward 5'-CC
TCGCCATCATCTTGCTAC-3', KDELR1-reverse, 5-GTGGGAACGACCAGGA
ACT-3'; FLT3-forward, 5-GAGAGATGGATTTGGGGCTAC-3', FLT3-reverse,
5/-GCTCCTCCTGCCTTGTGA-3'. The relative gene expression after different
gene knockdown was normalized to 8-Tubulin and calculated with the
ddCt method.?®

FACS analysis

For quantification of surface-exposed FLT3, the corresponding MV4-11
cells were washed with PBS and stained with PE-labeled anti-CD135
antibody (10 ul/10° cells) by incubating in 250 ul PBS at 4 °C for 30 min,
followed by two washes with PBS. Cells were analyzed with a FACS Calibur
cytometer (Becton Dickinson, Heidelberg, Germany) and results were
analyzed using FlowJo software (Tree Star, Ashland, OR, USA). For
determination of surface-localized FLT3 in 32D cells, cells were washed
once with PBS and stained with CD135-PE (clone A2F10, catalog # NBP1-
43813) from NOVUSBIO (Cambridge, UK). Cells were analyzed with a FACS
Canto cytometer (Becton Dickinson). For quantification of surface-exposed
FLT3-ITD, the ratio of PE signal to GFP (total FLT3) was calculated.

Production of pseudoviral particles and cell transduction

For generation of lentiviral particles, HEK293T used as packaging cells were
maintained in Dulbecco’s modified Eagle medium (DMEM; GIBCO-BRL,
Karlsruhe, Germany) supplemented with 10% FCS. The cells were
transfected with the pLKO.1 shRNA encoding plasmids and packaging
plasmids®* using polyethylenimine (PEl).. Media containing lentiviral
particles were collected 24, 48 and 72h after transfection. MV4-11 or
32D cells were infected three times with the pseudotyped particles in
presence of 8ug/ml polybrene (1,5-dimethyl-1,5-diazaundecamethylene
polymethobromide, AL-118, #10,768-9, Sigma-Aldrich). The transduced cell
pools were selected with 2 pg/ml puromycin or 400 pg/ml G418 48 h post
transduction.

Assessment of cell proliferation and clonal growth in
methylcellulose

To assess proliferation of the different FLT3-ITD-expressing 32D cell pools,
cells were washed twice in IL-3-free medium, seeded in RPMI-1640
medium containing 10% heat-inactivated FCS and sodium pyruvate
(5mg/ml) in cytokine-free medium, or supplemented with IL-3 if indicated.
For GFP-fluorescence-based proliferation assays, 2 x 10° cells were seeded
in 96-well plates (white plates with clear bottom). At time points indicated
in the figure legends, proliferation of quadruplicate samples was
determined measuring GFP fluorescence intensity with a Tecan reader
(Crailsheim, Germany). Alternatively, proliferation was analyzed using
CFSE (carboxyfluorescein diacetate, succinimidyl ester) staining and
subsequent monitoring of proliferation mediated dilution of CSFE using
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flow cytometry. Doubling time of the cells was calculated from the
reduction of fluorescence intensity. Initial staining was set to 100%.
Alternatively, cells were counted manually.

To analyze colony formation of MV4-11 or 32D cell lines, 3 x 10* cells
were plated in 1ml of a culture mixture containing Iscove’s Modified
Dulbecco Medium (Life Technologies, Grand Island, NY, USA), 1%
methylcellulose, and 20% FCS per well of a 6 well plate. All samples were
prepared in triplicate. The plates were incubated at 37 °C, 5% CO, for the
indicated time periods. The total number of colonies in a well was counted
using an Olympus CKX41 microscope equipped with a CAMEDIA C-7070
camera (Olympus Deutschland, Hamburg, Germany), and representative
sections of the wells were photographed.

Signaling analysis and western blotting

MV4-11 or 32D cells were washed twice with PBS, and starved in serum-
and cytokine-free RPMI-1640 medium for 4 h before stimulation at 37 °C.
Subsequently, cells were washed once with ice-cold PBS and lysed. Lysis
buffers were freshly supplemented with proteinase inhibitors and
phosphatase inhibitors (2 pug/ml Leupeptin, 1% Aprotinin; 2 ug/ml Pep-
statin A, 1Tmm PMSF, 1 mm Pefabloc; 1 mm sodium-orthovanadate; 1 mm
glycerol-phosphate), and lysis was allowed on ice for 15min, before
thorough vortexing and centrifugation.

Aliquots of the cell extracts were subjected to SDS-PAGE. Precast 4-12%
gradient gel (Invitrogen) and 10% standard PAA gels were used, followed
by blotting on nitrocellulose or PVDF membrane (Millipore, Bedford, MA,
USA) using a standard protocol,® and probing with the indicated primary
antibodies. After subsequent incubation with horseradish peroxidase-
conjugated secondary antibodies, the blots were developed using Western
Lightning chemiluminescence detection (Perkin Elmer Life Sciences;
Boston, MA, USA) and quantitatively evaluated using a CCD camera-
based system (LAS3000, Fuji, Dusseldorf, Germany). For quantification of
specific phosphorylation, blots for phosphorylated proteins were stripped
and subsequently reprobed with pan-specific antibodies. Specific phos-
phorylation was calculated as the ratio of the signals for phosphorylated
protein to the signal for total protein detected.
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Animal experiments

Eight- to ten-week-old male C3H/HeJ mice, which are syngeneic to 32D
cells, were used to assess the in vivo development of leukemia-like disease.
32D muFLT3-ITD cells (2 x 10°%) were injected into the lateral tail vein. The
experimental protocols were reviewed and approved by the local
Committee on Animal Experimentation. To study expansion of 32D
muFLT3-ITD cells, the animals were killed 10 days post injection. Bone
marrow cells were flushed from long bones with PBS, and engrafted bone
marrow cells were dissolved by incubation of bones in dissociation buffer
(DMEM medium containing 10% FCS, 3mm CaCl,, 10mm HEPES,
Collagenase D, 1 mg/ml) at 37 °C for 45min. Spleen cells were isolated
from minced tissue. The amount of GFP-positive 32D muFLT3-ITD cells was
quantified as the ratio to total cell number using flow cytometry. For
histology, pieces of liver and spleen were immersion-fixed after necropsy
and organ weighing in a neutrally buffered solution containing 4%
formalin at 4°C for at least 10 days, and then embedded in paraffin.
Thereafter, they were cut into 7-um-thick sections and stained with
hematoxylin and eosin (H&E) for histological analysis.

RESULTS

Reporter assay to monitor oncogenic FLT3-ITD activity

As FLT3-ITD strongly activates STAT5,>*1%13202426 \ya employed a
FLT3-ITD-driven STAT5 activation reporter assay for the screen
(Figure 1a). By monitoring the STAT5-driven promoter activity, we
aimed at identifying genes modulating the aberrant signaling of
FLT3-ITD in response to gene-specific depletion mediated by RNA
interference. To allow a streamlined and efficient screening
procedure, FLT3-ITD-expressing HEK293 cells were established.
Stable expression of FLT3-ITD in HEK293 cells yielded robust
activation of STAT5, which could not be observed in cells
expressing FLT3 wild-type protein, demonstrating specificity of
the receptor-mediated activation (Figure 1b). To validate the
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FLT3-ITD induces STAT5 phosphorylation in HEK293 cells. (a) Strategy for the luciferase-based screening assay. FLT3-ITD-mediated

STAT5 activation via phosphorylation (P) drives the expression of the firefly luciferase reporter system. The gray box indicates the internal
tandem duplication (ITD) in the juxtamembrane domain of FLT3. (b) HEK293 cells stably expressing FLT3-ITD (ITD), FLT3 WT (WT), or no FLT3
(0) were analyzed with FLT3 and STAT5 phospho-specific antibodies (p). Blots were reprobed for total protein (t). The star indicates an
unspecific, cross-reacting band. (c) HEK293 cells stably expressing FLT3-ITD were transfected with esiRNA-targeting FLT3 or GFP (negative
control). Downregulation of FLT3 was analyzed by immunoblotting with an anti-FLT3 antibody. Activation of STAT5 was analyzed using an
anti-P-STATS5 (p) antibody in comparison to an antibody detecting total STAT5 protein (t). (d) Luciferase activity of HEK293 FLT3 wild type or
HEK293 FLT3-ITD cells is shown for cells transfected with the STAT5 reporter plasmid pLHRE-firefly-luciferase encoding firefly luciferase (left
columns) and the control plasmid pRL-SV40-Renilla-luciferase (right columns), or non-transfected cells. Cells were transfected with identical
amount of plasmid DNA. Luciferase assays were performed 72 hours post transfection.
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specificity of FLT3-ITD-mediated STAT5 activation, we depleted
the mutant receptor by RNAIi. While a control esiRNA targeting
GFP did not alter constitutive STAT5 phosphorylation in HEK293
FLT3-ITD cells, FLT3 esiRNA effectively suppressed the FLT3
receptor level, which was accompanied by abrogation of STAT5
phosphorylation (Figure 1c). To demonstrate the effectiveness of
these cells as a STA5 reporter, cells were transfected with the
plasmid pLHRE-firefly-luciferase expressing the luciferase gene by
the minimal promoter region of the STAT5-responsive lactogenic
hormones response element.'” Transient transfection of HEK293
FLT3-ITD cells with pLHRE-firefly-luciferase resulted in strong firefly
luciferase activity. In contrast, low luciferase reads were measured
in untransfected HEK293 cells or in cells expressing FLT3 WT
(Figure 1d). To monitor transfection efficiency, cells were co-
transfected with plasmid pRL-SV40, which constitutively expresses
Renilla-luciferase from the SV40 enhancer and early promoter
elements. Matching Renilla luciferase activity indicated similar
plasmid transfection rates in the two cell lines (Figure 1d). Thus,
the HEK293 FLT3-ITD reporter system reconstitutes the aberrant
FLT3-ITD signaling observed in leukemic cells, and presents a
valuable system to conduct the genome-wide RNAi screen.

Genome-wide screen for components affecting FLT3-ITD-
mediated STAT5 signaling
To identify proteins influencing oncogenic FLT3-ITD activity,
HEK293-FLT3-ITD cells were transfected with pLHRE-firefly-
luciferase and individual gene-specific esiRNAs. Co-transfection
of plasmid pRL-SV40-Renilla-luciferase, which is independent from
FLT3-ITD activity (Figure 1d), was carried out for normalization
purposes. Specific firefly luciferase activity was then determined as
the ratio between firefly and Renilla luciferase.

In total, 17296 esiRNAs were used in our genome-wide
approach and transfection was performed in duplicate in
384-well format. After subsequent cultivation of transfected cells

3

for 48 hours, well-specific activity of firefly luciferase was
determined and quantified in relation to the activity of Renilla
luciferase. Control wells transfected with esiRNA targeting FLT3
were used to demonstrate the functionality of the assay. Knock-
down of FLT3 strongly abrogated firefly luciferase activity,
demonstrating the efficiency of the esiRNA application. Cell
treatment with esiRNA targeting GFP did not affect the specific
luciferase activity and served as negative control. The esiRNA-
mediated depletion of expression of particular genes resulted in
reduction, stimulation, or in no effect on the firefly to renilla
luciferase ratios (exemplified in Figure 2a). A graph showing
distribution of Z-scores of the overall screen elucidating the range
of alteration of specific luciferase is shown in Figure 2b and the
primary screening data is presented in Supplementary Table 2.
The top hits leading to a reduction of STAT5 signaling were
assembled from each plate and 380 (Supplementary Table 3)
genes were tested in a first validation experiment. The esiRNAs
targeting these genes were assembled on two plates and
rescreened with six replicates to increase the statistical power to
nominate hits. For the best 35 target genes from this first round of
validation, we produced a second, independent esiRNA, targeting
a different region of the transcript, to validate target specificity in
HEK293-FLT3-ITD (Supplementary Table 3). Twenty four of these
targets genes showed a consistent reduction of STAT5-dependent
promoter activity (Figure 2c; Supplementary Figure 1 and
Supplementary Table 3). By using the ‘panther’ database
(www.panther.org), the molecular function of their encoded
proteins was classified. Certain classes of proteins might be
expected to be found in the employed assay. Indeed, ~20% of
these proteins could be classified as transcription factors
(Figure 2d), likely because these proteins directly influence the
promoter activity of the lactogenic hormones response element.
Consistent with this idea, both STAT5a and STAT5b were amongst
the knockdowns that produced a pronounced phenotype.
Interestingly, another class of proteins that one might not have
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Figure 2. EsiRNA-mediated screen for modulators of FLT3-ITD-mediated STAT5 activation. (a) Example of a 384-well plate of the array-based
screen quantifying the relative firefly luciferase activity. Alteration of luciferase activity is indicated by color changes in particular wells.
Elevated relative firefly luciferase activity is indicated in red. Reduced relative firefly luciferase activity is indicated in green. Positions of control
transfections are boxed, with the upper wells in the boxes representing esiRNAs targeting GFP (negative control) and the lower wells in the
boxes representing esiRNAs targeting FLT3 (positive control). (b) Graph showing the distribution of Z-scores as mean of relative firefly
luciferase activity of 17296 tested esiRNAs is presented. (c) Validation of gene targets employing secondary, independent esiRNAs targeting
the indicated genes. The graph demonstrates the relative firefly activity of alternative esiRNA pools of 24 selected candidate genes. Error bars
indicate the s.d. from three independent experiments. Significance was determined by the Student t-test. *P < 0.05. (d) Gene ontology analysis
of validated genes resulting in altered FLT3-ITD-mediated STAT5 signaling. Specific ontologies are indicated and the size of the pies represent
the frequencies of the genes associated.
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expected to emerge from the screen was uncovered. Twenty EP300 acts as a molecular integrator of transcription in hematopoietic
percent of the validated genes that resulted in reduced reporter cells. It regulates transcription via chromatin remodeling” and by
expression upon knockdown fall into the ontology of intracellular interacting with PU.1 and PML IV, thereby enhancing C/EBP epsilon
transport and protein secretion (Figure 2d). transcription, which is essential in granulocyte differentiation.?®

Connexin-26 (Cx-26) is a component of cellular junctions, VDAC3 is

a mitochondrial ion channel and RBM15 acts as a RNA-binding
Validation of reduction of STAT5 activity in leukemic MV4-11 cells protein. Finally, KDELR1 and SLC30A8 have specific roles in protein
In order to validate the activity of selected target genes under transport and secretion. Thus, FLT3-ITD-mediated activation of STAT5
more physiological conditions, the human AML cell line MV4-11 is influenced by the perturbation of various pathways. In the further
carrying endogenous homozygote FLT3-ITD was used. First, gene- analysis, we have focused on KDLER1 because it has a role in the
specific esiRNA for the 24 validated target genes was prepared retention of ER-resident proteins. A possible link to the previously
from MV4-11-derived cDNA samples. Except for Maf23, expression observed ER retention of FLT3-ITD,?® which is associated with STAT5
of 23 out of 24 selected genes was confirmed by efficient cDNA activation, was intriguing.
amplification (data not shown). Second, we investigated altered
STAT5 phosphorylation after knockdown of the 23 candidate
genes in these cells as an independent assay, and to reveal genes Knockdown Of KDELR1 stimulates Surface localization Of FLT3-ITD
that interfere with FLT3 ITD signaling upstream of STAT5 As constitutively active FLT3 is retained in cells and its intercellular
activation. EsiRNA-mediated knockdown of six genes showed a localization promotes STAT5 activation,'*° we addressed the
reduction of STAT5 phosphorylation of at least 60% as compared question, if KDELR1 depletion alters the subcellular localization of
with the control cells treated with negative control esiRNA FLT3-ITD. To investigate this possibility, MV4-11 cells transfected
(Figure 3; Supplementary Figure 2), indicating that their effect with esiRNA targeting KDELR1 were stained with PE-labeled
on FLT3-ITD-mediated STATS5 signaling is cell line-independent. CD135-PE antibody, and surface loacalization of FLT3 was
Interestingly, while phosphorylation of STAT5 and AKT was analyzed in comparison to esiRNA-treated cells transfected with a
drastically impaired in most samples, effects on activation of negative control esiRNA. Interestingly, while the overall FLT3 levels

ERK were less prominent. did not change after KDELR1 depletion (Figure 3), we observed an
Despite similar effects on FLT3-ITD signal transduction, the increased accumulation of the receptor at the cell surface (Figure 4).
validated six genes encode proteins of different functional categories. Hence, reduced levels of KDELR1 change the ratio of intracellular to
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Figure 3. Knockdown of validated hits changes signaling in MV4-11 cells. The phosphorylation status in relation to the total protein of STAT5,
AKT and ERK in esiRNA-transfected MV4-11 cells is shown. Cells were transfected with esiRNAs targeting indicated genes. Forty eight hours post
transfection, cells were harvested, lysed and subjected to immunoblotting.) Whole-cell lysates were blotted and phosphorylation (p) of STAT5,
AKT and ERK was analyzed using phospho-specific antibodies (left panel). The same blots were reprobed for total proteins (t) and FLT3. GAPDH
served as loading control. Representative blots from three replicated experiments are shown. The relative rates of phosphorylation were
quantified by division of phosphospecific signals by total protein (right panel). Data obtained from GFP esiRNA treated cells (negative control)
were set to 100%. Significance was determined by the Student t-test. *P<0.05.
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Figure 4. Depletion of KDELR1 enhances surface localization of FLT3-ITD. MV4-11 cells were transfected by esiRNA targeting FLT3, GFP
(negative control), or KDELRT1. Forty eight hours post transfection, cells were labeled with PE-labelled anti-CD135 antibody and analyzed by
flow cytometry (left panel). The intensity of the labeling, reflecting the amount of FLT3-ITD on the cell surface is shown. The result represents a
representative example out of three different experiments. A quantification of the flow cytometry data is shown in the right panel. Error bars
indicate the s.d. from three independent experiments. Significance was determined by the Student’s t-test. *P<0.05.
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cell surface expression of FLT3-ITD. While esiRNA targeting FLT3 To further analyze the role of KDELR1 for FLT3-ITD activity, we
RNA efficiently impaired receptor level, depletion of KDELR1 only employed the murine myeloid cell line 32D, stably expressing FLT3-
enhanced level of surface-exposed FLT3-ITD. Interestingly, depletion ITD.2° Expression of FLT3-ITD confers growth factor-independent
of KDELRT also mildly raised the expression of PU.1 (Supplementary cell growth and transformation of these cells, providing a valuable
Figure 3), consistent with the attenuation of FLT3-ITD signaling®' assay system. KDELR1 levels in these cells were again

downregulated using the lentivirus-mediated shRNAs. gRT-PCR

revealed downregulation by two shRNAs targeting the murine

Downregulation of KDELR1 impairs proliferation and KDELR1, named mK3 and mK5 (Figure 6a). As knockdown of
transformation of haematopoietic FLT3-ITD cells KDELR1 by the single shRNAs was only relatively modest, ShRNA
To elucidate the function of KDELR1 in FLT3-ITD signaling further, gene cassettes mK3 and mK5 were also simultaneously expressed,

we downregulated KDELR1 in human and murine cell systems using a strategy described previously.** In the stable cell line 32D,
using stable shRNA expression. A set of non-validated human FLT3-ITD mK3+5 double shRNA-targeting of KDELR1 indeed
KDELR1-targeting MISSION shRNA expression cassettes (desig- yielded a slightly more pronounced depletion of KDELR1 (Figure 6a).
nated hK01-hK03) was packaged into lentiviral pseudotypes, and As in the systems tested before, in KDELR1-depleted FLT3-ITD-
used to transduce MV4-11 cells. As demonstrated by gRT-PCR, expressing 32D cells the phosphorylation of STAT5 was reduced as
shRNAs hK02 and hK03 mediated reasonable downregulation of compared with control shRNA-expressing cells. Likewise, we noted
gene expression as compared with cells transduced with particles again a modest, but significant increase of surface-exposed FLT3-
encoding a nontargeting control shRNA (Figure 5a), with hKO2 ITD in cells after KDELR1 depletion (Supplementary Figure 4). The
showing the most potent knockdown measured at mRNA level. extent of reduction of STAT5 activation largely correlated with the

As for the esiRNA-mediated knockdowns, the effect of KDELR1 extent of downregulation of KDELR1: more efficient downregula-
shRNA knockdown on FLT3-ITD signaling activity was first tion yielded in more pronounced reduction of STAT5 phosphor-
assessed by analyzing activation of STAT5. MV4-11 cells expressing ylation (Figure 6b). Proliferation of the 32D cells was monitored
KDELR1-directed shRNA showed a moderate but reproducible by GFP-mediated fluorescence. GFP is co-expressed with FLT3-ITD
reduction of STAT5 phosphorylation (Figure 5b). Note that, in a bicistronic expression system. In absence of cytokines,
consistent with hKO2 providing the best knockdown, it also knockdown of KDELR1 reduced proliferation as compared with
showed the most pronounced effect on STAT5 phosphorylation the control cells. When FLT3-ITD-dependent proliferation was
(Figure 5b). Furthermore, reduced KDELR1 levels in MV4-11 were bypassed by addition of IL-3 (Figure 6c), or when experiments

associated with a marked reduction of proliferation in the absence in the parental 32D cells lacking FLT3-ITD were carried out
of cytokines as compared with the control cells (Figure 5c). (Supplementary Figure 5), knockdown of KDLER1 did not
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Figure 5. Stable shRNA-mediated depletion of KDELR1 in MV4-11 cells impairs FLT3-ITD activity. MV4-11 cells were lentivirally transduced with
shRNA cassettes targeting KDELR1 (hK01, 02, 03) or a nontargeting shRNA cassette (con) as indicated. (a) qRT-PCR for KDELR1T mRNA in the
above cell lines. Mean £ s.d. of three independent experiments. One-way ANOVA was performed and post hoc comparisons were made with
the Holm-Sidak test. *P < 0.05, significant differences to control (con). (b) Signaling activity of MV4-11 shKDELR1 cells. Total cell lysates were
subjected to SDS-PAGE, blotted to PVDF membrane and analyzed with antibodies recognizing phosphorylated STAT5. Blots were reprobed for
total STATS5. Chemiluminescence signals were detected using a CCD camera-based chemiluminescence detection system. The blots shown are
representative for at least three experiments with consistent results. Numbers under the blots represent rates of specific phosphorylation
(@amount of phosphorylated divided by total signal protein). (c) Proliferation of MV4-11 shKDELR1 lines (hKO1, rhombi; hK02, triangles; hK03,
squares) and MV4-11 sh control cells (filled circles). CFSE stained cells were grown in RPMI medium supplemented with 10% FCS without
cytokines. At the indicated time points, the amount of cell bound CFSE was analyzed using flow cytometry. The graph demonstrates CFSE
levels and mean doubling time of cells (in hours). Cells were counted at indicated time points and evaluated by calculating the area under the
curve (AUQ), respectively. One-way ANOVA was performed and post hoc comparisons were made with the Holm-Sidak test. *P<0.05,
significant differences to control (con). Data are given in mean * s.d. The graph shows a representative experiment.
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Figure 6. Growth, signaling and proliferation of 32D FLT3-ITD cell lines depleted for KDELR1. (a) Investigation of knockdown capacity of shRNA
constructs. 32D FLT3-ITD cells were lentivirally transduced with shRNA constructs mK3, mK5, mK3 and mK5 (mK3 +5), or a nontargeting
control shRNA (con). qRT-PCR analyses for KDELRT mRNA is shown. Mean of at least three independent experiments are presented. One-way
ANOVA was performed and post hoc comparisons were made with the Holm-Sidak test. *P<0.05, significant differences to control (con).
(b) Signaling activity of 32D FLT3-ITD of KDELR1-depleted cells. Total cell lysates were subjected to SDS-PAGE, blotted to PVDF membrane and
analyzed with antibodies recognizing phosphorylated STAT5. Blots were reprobed for total STAT5 and f$-actin. The blots shown are
representative for at least three experiments, with consistent results. Numbers under the blots represent rates of specific phosphorylation
(amount of phosphorylated divided by total signal protein). (c) Growth capacity of 32D FLT3-ITD cells expressing indicated shKDELR1 cell lines.
The cells were seeded in 96-well plates in RPMI medium supplemented with 10% FCS without cytokines. Cell growth was measured by
monitoring GFP activity of particular wells at the indicated time points. Values are means of triplicates. The data set shown is a representative
of three experiments with consistent results. Differences between cell lines evaluated were compared by unpaired t-tests using Bonferroni
correction for multiple uses if appropriate. Significant differences are indicated with * (P<0.05). Values are represented by means and their s.e.

significantly affect proliferation of these cells, demonstrating that
the reduced proliferation is not due to general proliferation
impairment upon KDELR1 knockdown.

As FLT3-ITD-induced cell transformation correlates with the
capacity of the cells to form colonies in semisolid media, we next
asked if reduced activation of STAT5 would translate into an
impaired colony formation of KDELR1-depleted cell lines. 32D cells
expressing FLT3-ITD and KDELR1-targeting shRNA showed no
significant alteration of colony numbers in methyl cellulose plates,
although a slight reduction in the size of colonies was observed
in cell line expressing shRNA mK3 +5 (data not shown). The
capacity of colony formation in MV4-11hK02 cells was, however,
reproducibly reduced as compared with MV4-11 cells expressing
the control shRNA (Figure 7a).

Taken together, stable shRNA-mediated downregulation of
KDELR1 resulted in impaired phosphorylation of STAT5 and in
reduced proliferation in both cellular FLT3-ITD systems tested.
These results indicate that KDELR1 depletion indeed results in
reduction of the transforming capacity of FLT3-ITD. Therefore, we
finally addressed the question, whether the altered KDELR1 levels
would affect cell transformation assessed in vivo. 32D cells
expressing FLT3-ITD and KDELR1-targeting shRNA mK3 45 cells
were analyzed for their capacity to generate a leukemia-like
disease in syngeneic C3H/HeJ mice. FLT3-ITD expressing 32D cells
caused a rapid disease development as shown previously.>?
In contrast, animals injected with KDLER1-depleted cells showed
a significant retardation of the development of the myeloproli-
ferative disease when compared with mice injected with control
cells (Figure 7b). All mice developed signs of myeloproliferative

© 2013 Macmillan Publishers Limited

disease, as depicted by enlarged liver and spleen (Table 1).
However, organ enlargement was significantly less pronounced in
mice injected with 32D muFLT3-ITD cells with KDELR1 knockdown.
The delayed progress in development of myeloproliferative disease
was also reflected by the histological features of disease-related
organ pathologies, with only moderate manifestation of leukemic
infiltrates within dilated sinusoids, central and portal veins in liver
as well as moderate leukemic infiltrates in red pulpa and moderate
atrophy in white pulpa of spleen from mice injected with 32D
muFLT3-ITD KDELR1 knockdown cells (Figures 7c¢ and d). In
contrast, mice injected with 32D muFLT3-ITD cells exhibited more
pronounced destruction in liver and spleen with massive diffuse
and nodular leukemic infiltrates and additional focal hepatocellular
damage and focal fatty degeneration of hepatocytes as well as
focal splenic infarction owing to vascular occlusion by leukemic
infiltrates and perisplenitis (Figures 7c and d). Furthermore,
depletion of KDELR1 significantly blocked expansion of 32D
FLT3-ITD cells in the spleen and the soluble bone marrow as
demonstrated by the amount of GFP-positive 32D muFLT3-ITD
cells at day 10 post infection (Table 1). Insignificant differences in
the solid bone marrow (Table 1), possibly due to local high IL-3
concentrations, indicated lesser consequences of KDLER1 knock-
down in this compartment.

DISCUSSION

The oncogenic transformation of cells expressing FLT3-ITD proteins
is mediated by constitutive activity of this RTK3>®*!314.2630
The cytokine-independent kinase activity of the RTK results in
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Figure 7. Depletion of KDELR1 reduces transforming capacity. (a) Clonal growth of MV4-11 cells expressing shKDELR1 (hK02) and shRNA
control cells were subjected to colony formation assays in methylcellulose in RPMI medium with 10% FCS. Number of colonies per well were
counted after 8 days. Means of normalized values for three separate experiments = s.d., significance tested by t-test. (b) Knockdown of
KDELR1 enhances survival in mice transplanted with 32D FLT3-ITD cells. Kaplan—-Meier plot of survival of mice injected with 32D FLT3-ITD cells
expressing indicated shRNAs. Development of a leukemia-like disease was analyzed (n = 11). For comparison, 32D FLT3-ITD cells expressing a
nontargeting shRNA (n = 10) were injected. The percentage of surviving mice (y-axis) is plotted with respect to time in days (x-axis). Statistic
significance of different survival of mice was P<0.002 (Gehan-Breslow Test). (c) Liver from naive C3H mice (left panel) shows a regular
architecture of lobuli, portal field and terminal hepatic venule (black arrow). Mice injected with 32D muFLT3-ITD control shRNA cells (middle
panel) exhibit pronounced destruction in liver and spleen with moderate-to-severe hepatomegaly with massive diffuse and nodular leukemic
infiltrates (black arrow), focal hepatocellular damage, dilated sinusoids, focal fatty degeneration of hepatocytes (black arrowhead) and massive
intravascular leukemic infiltrates in portal and terminal hepatic venule with focal vascular occlusions (black/white arrow). (d) Severe
splenomegaly with massive diffuse leukemic infiltrates in red pulp and moderate-to-severe atrophy in white pulp (black arrowhead). Mice
injected with 32D muFLT3-ITD control shRNA cells with KDELR1 knockdown (right panel) exhibit a less pronounced pathology, that is,
moderate hepato- and splenomegaly, leukemic infiltrates located inside dilated sinusoids in liver (black arrow) as well as diffuse leukemic
infiltrates in red pulp (black arrow) and only a moderate atrophy of white pulp (black/white arrow) within the spleen.

accumulation in cytosolic compartments on the ER-trans-Golgi- a panel of downstream targets.*'?"'> Interestingly, our genome-
biogenesis route.'’ Associated with intracellular retention, FLT3-ITD wide RNAI screen identified several factors implicated in protein
induces aberrant STAT5 activation®>3° leading to the induction of transport and secretion processes that influence FLT3-ITD-driven
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Table 1. Morphometric data and results of distribution of 32D
muFLT3-ITD cells with and without KDELR1 knockdown in
hematopoietic organs

Naive C3H 32D muFit3-ITD 32D mufFIt3-ITD

mice sh control sh KDELR1
(N=4) (N=6) (N=7)
Morphometric data
Body weight (g) 21714 204+3.2 21.2+29
Liver weight (g) 1.18£0.07 2.25+0.35* 1.67 £0.15%°
Spleen weight (g) 0.09+0.01  044+0.03*  030+0.12*°
% GFP-positive cells
Spleen — 16.4+3.1 8.1+5.0°
bone marrow — 446+54 26.7 +14.0°
(mobile)
bone marrow — 448 +3.9 32.6+18.1
(fixed)

One-way ANOVA was performed and post hoc comparisons were made
with the Holm-Sidak test; **P < 0.05. *Significant differences between naive
C3H mice vs mice injected with 32D muFLT3-ITD control shRNA cells or
injected with 32D muFLT3-ITD control shRNA cells with KDELR1 knock-
down, *Significant differences between mice injected with 32D muFLT3-
ITD control shRNA cells vs mice injected with 32D muFLT3-ITD control
shRNA cells with KDELR1 knockdown. Data are given in mean *s.d.

STATS5 signaling. While only 2% of the proteome of the mammalian
cell can be classified as proteins involved in protein transport,
about 20% of the hits of our RNAi-based screen presented
components, which are known to be involved in cellular protein
transport. This finding suggests that influencing protein transport
might be a useful strategy to disrupt this fatal signaling pathway.
A role of KDELR1 for FLT3-ITD-mediated transformation could
be validated in further investigations; notably, its knockdown
delayed the development of MPD in mice. KDELR1 is a luminal ER
protein that acts as a receptor for proteins undergoing retrograde
transport from the Golgi to the ER. It recognizes the motif
KDEL (Lys-Asp-Glu-Leu) in its client proteins and effectuates
the maintenance of protein composition of the ER lumen.
Overexpression of KDELR1, while producing an imbalance in the
ER-Golgi traffic, resulted in the disruption of the Golgi-mediated
protein transport (reviewed in Capitani et al>®). Owing to
the abrogation of protein transport from the ER to the Golgi,
enhanced KDELR1 results in a phenotype similar to Brefeldin A
(BFA) treatment3* Intriguingly, also treatment of FLT3-ITD-
expressing cells with BFA resulted in the accumulation of
immature FLT3-ITD and increased selectively STAT5 activation.>®
As FLT3 does not contain a KDEL sequence motif, it is unlikely to
be a direct client protein of KDELR1. However, effects of KDLER1-
depletion on FLT3-ITD trafficking and function may be mediated
indirectly. In yeast, the homolog KDEL receptor protein (yeast
KDELR shows 50% homology to human KDELR1) seems to have a
rather general role for ER function. As Yamamoto et al>>*%
showed, yeast KDLER mediates a retrieval mechanism that
contributes to the quality control at the ER and mediates the ER
stress response. In human T-cells, BIP mediates the retrograde
transport of the T-cell antigen receptor alpha chain (TCRx) from
the Golgi to the ER. BiP, a KDELR1 client, is a KDEL protein that is
involved in the retrograde transport to the ER and induction of ER
stress response. The disruption of the ligand-binding function of
KDELR released TCRa from the early secretory system to the cell
surface, leading secondarily to the missorting of BiP. It may be
speculated that similar mechanisms have a role in the case of the
KDLER1-dependent regulation of FLT3-ITD. The BiP-KDELR1-
mediated retrieval from post-ER compartments to the ER may
contribute to the observed entrapment of FLT3-ITD. As oncogenic
activation of STAT5 has been related to ER-entrapped FLT3-ITD

© 2013 Macmillan Publishers Limited

molecules,' 252930 cell treatments restoring transport efficiency of

the mutant receptor to the cellular surface might open novel ways
to abrogate its transforming capacity.

Taken together, our esiRNA-based screen identified novel
mediators of FLT3-ITD signaling. It will be interesting to unravel
the molecular mechanisms on how these genes influence the
signaling quality of FLT3-ITD in future studies. Furthermore, the
identified pathways may offer new avenues to change the
pathogenic signaling of this oncogene. As exemplified for
KDELR1, factors affecting the aberrant biogenesis are possibly
novel molecular targets to impair the transforming capacity of
FLT3-ITD-expressing cells.
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