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Abstract
Objective—FLRF (Rnf41) gene was identified through screening of subtracted cDNA libraries
form murine hematopoietic stem cells and progenitors. Subsequent work has revealed that FLRF acts
as E3 ubiquitin ligase, and that it regulates steady-state levels of neuregulin receptor ErbB3, and
participates in degradation of IAP protein BRUCE and parkin. The objective of this study was to
start exploring the role of FLRF during hematopoiesis.

Methods—FLRF was over-expressed in a murine multipotent hematopoietic progenitor cell line
EML, which can differentiate into almost all blood cell lineages, and in pro-B progenitor cell line
BaF3. The impact of FLRF over-expression on EML cell differentiation into myelo-erythroid
lineages was studied using hematopoietic colony-forming assays. The interaction of FLRF with
cytokine receptors and receptor levels in control cells and EML and BaF3 cells over-expressing FLRF
were examined with Western and immunoprecipitation.

Results—Remarkably, over-expression of FLRF significantly attenuated erythroid and myeloid
differentiation of EML cells in response to cytokines Epo and IL-3, and retinoic acid (RA), and
resulted in significant and constitutive decrease of steady-state levels of IL-3, Epo and RA receptor
RARα in EML and BaF3 cells. Immunoprecipitation has revealed that FLRF interacts with IL-3, Epo
and RARα receptors in EML and BaF3 cells, and that FLRF-mediated down-regulation of these
receptors is ligand binding-independent.

Conclusions—The results of this study have revealed new FLRF-mediated pathway for ligand-
independent receptor level regulation, and support the notion that through maintaining basal levels
of cytokine receptors, FLRF is involved in the control of hematopoietic progenitor cell differentiation
into myelo-erythroid lineages.
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Introduction
Differentiation of hematopoietic stem cells (HSC), multipotent progenitors (MPPs) and
lineage-committed progenitors is regulated by diverse cytokines, including interleukins (ILs)
and colony stimulating factors (CSFs) [1-5], which exert their biological effects on target cells
through interaction with corresponding receptors. Regulation of the duration and level of
cytokine signaling occurs at multiple levels, including regulation of the amount of receptors
present before ligand binding. In general, ligand stimulation results in receptor internalization
and degradation. Ligand binding-dependent degradation of receptors through ubiquitin system
is believed to be a critical step in modulating their activity and plays a critical role in controlling
receptor signaling [6].

Ubiquitin (Ub)-dependent proteolysis of cellular proteins impacts a broad range of cell
functions (proliferation, differentiation, cell cycle progression, transcription, antigen
presentation, receptor maintenance, signal transduction etc.) [7-10]. Defects in ubiquitin-
dependent proteolysis are involved in etiology of developmental abnormalities, autoimmunity,
neurodegenerative diseases, metabolic disorders, and cancer [11,12].

Covalent attachment of ubiquitin to substrate proteins is a multistep process orchestrated by
ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin protein
ligases (E3). The high efficiency and exquisite selectivity of ubiquitination reactions depend
on E3 ligases. Generally, E3 ligases contain protein–protein interaction domains that recognize
substrate proteins, as well as catalytic domains that interact with E2 enzymes, thereby
promoting ubiquitin transfer from the E2 to the substrate. The E3 ligases are classified into
three groups: HECT domain E3 enzymes (e.g. Smurf, Nedd4), multisubunit RING finger
protein complexes (e.g. SCF ubiquitin ligases, the VBC ubiquitin ligase and the anaphase-
promoting (APC) complexes), and single RING-finger E3 enzymes (e.g. Cbl, Mdm2, and
BRCA1) [7-9,13-15].

Despite numerous advances in understanding of the ligand binding-dependent receptor down-
regulation and degradation, relatively little is known about the mechanisms controlling ligand-
independent down-regulation and degradation of receptors [16-18].

Through screening of cDNA libraries prepared from fetal liver HSC and progenitors, and
differential screening of subtracted cDNA libraries prepared from mouse Lin-Sca-1+ and
Lin-Sca-1- bone marrow (BM) cells, enriched for HSC and progenitors, we have identified
new RING finger gene, named FLRF (Fetal Liver Ring Finger) (Rnf41) [19]. Mouse FLRF
cDNA (Accession Nos. AF305730 and NM_026259) encodes a protein of 317 amino acids
(Mw: ∼37 kDa) with N-terminal C3HC4 RING finger domain, a TRAF-type zinc finger
domain, and a coiled-coil domain (19). Human FLRF cDNA encodes a RING finger protein
identical to mouse FLRF protein [19].

Two subsequent studies have reported that human FLRF (Nrdp1) acts as E3 ubiquitin ligase,
and that it interacts with and regulates steady-state levels of neuregulin ErbB3 and ErbB4
receptors by mediating their ubiquitination, thus influencing the neuregulin signaling [20,21].
Additional studies have reported that FLRF (a) mediates degradation of the inhibitor of
apoptosis gigantic protein BRUCE, and (b) accelerates degradation of parkin (whose loss of
function leads to death of dopaminergic neurons in Parkinson disease), and regulates parkin
stability and activity [22,23].

To study its role in hematopoiesis FLRF was over-expressed in a murine multipotent
hematopoietic progenitor cell line EML, which can differentiate into almost all blood cell
lineages [24]. Over-expression of FLRF significantly attenuated erythroid and myeloid
differentiation of EML cells in response to cytokines erythropoietin (Epo) and interleukin 3
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(IL-3), and retinoic acid (RA). The excess amount of FLRF protein also led to a significant
and constitutive decrease in the steady-state levels of IL-3, Epo and RA receptor RARα in
EML cells and mouse pro-B progenitor cell line BaF3. Immunoprecipitation and Western
analysis of proteins from EML and BaF3 cells have shown that FLRF protein associates with
IL-3, Epo and RA receptors, and that FLRF-mediated down-regulation of IL-3, Epo and RA
receptors is independent of the ligand binding. Our findings have revealed a new role of FLRF
in regulating optimal steady-state levels of IL-3, Epo and RA receptors, necessary for proper
differentiation of hematopoietic progenitors.

Materials and methods
Cells and Expression Vectors

Stem cell factor (SCF)-dependent EML cell line was maintained in IMDM medium (Gibco)
with 20% equine serum (HyClone) and 10% SCF-conditioned medium from BHK/MKL cell
line [24,25]. Mouse pro-B cell line BaF3 was grown in RPMI medium supplemented with 10%
FCS (HyClone, Logan, UT) and 10% WEHI-3B conditioned medium. Mouse pre-B cell line
70Z3 was grown in RPMI 1640 medium supplemented with 10% FCS and 0.05 mM 2-
mercaptoethanol. Mouse FLRF cDNA [19] was subcloned into XhoI digested pcDNA4/TO
vector (Invitrogen). The orientation of the insert was identified with NotI digest and automated
DNA sequencing. To achieve stable transfection EML cells (107 cells) were electroporated
with 20 μg of NruI linearized pcDNA4/TO or pcDNA4/TO/FLRF vectors. Stable EML
transfectants were selected with Zeocin (Invitrogen) and maintained continuously under
selection.

Hematopoietic Colony-forming Assays
To assess their myelo-erythroid differentiation, EML cells were cultured in 2 ml of 0.3% low
melting temperature agarose (SeaKem) with 2X IMDM, 20% heat inactivated horse serum and
10% SCF-conditioned medium in replicate 6-well plates (103 cells/well). The media was
supplemented with 0.1 ng/ml of recombinant mouse interleukin 3 (IL-3) (R&D Systems), 8U/
ml of recombinant human erythropoietin (Epo) (Ortho Biotech), or 3ng/ml of recombinant
mouse thrombopoietin (Tpo) (R&D Systems). The granulocyte/macrophage (CFU-GM),
burst-forming unit erythroid (BFU-E) and megakaryocytic (CFU-Meg) colonies were counted
7-10 days after plating [1].

Western blotting and Immunoprecipitation
Antibodies used for Western blotting were: IL-3Rα (V-18), IL-3Rβ (K-19; detects the unique
mouse IL-3R b chain and the b chain common to IL-3R, IL-5R and GM-CSFR), GM-CSFRα
(M-20), EpoR (M-20) (Santa Cruz Biotechnology, Inc.), α-actin (Sigma), and α-ubiquitin
(Calbiochem). The protein for SCF receptor c-kit was detected using goat α-c-kit (M-14, Santa
Cruz) antibody. Polyclonal rabbit α-FLRF Abs 1123 and 1124 were obtained from Bethyl Inc.
The expression of proteins for retinoic acid (RA) receptors RARα and RXR was examined by
Western using RARα (C-20) and RXR (D20) Abs (Santa Cruz). The cells were lysed with
buffer (2 mM Tris.Cl pH 8.0, 0.14 M NaCl, 1 mM PMSF, 0.1% Triton X-100 and protease
inhibitors) at 4°C for 1 hour. Protein concentrations were determined by Pc protein Assay kit
(Bio-Rad). Up to 50 μg of protein per lane was resolved on 12% Tris-glycine ready gel (Bio-
Rad) and electro-transferred to Immuno-Blot PVDF membrane (Bio-Rad). The PVDF
membranes were blocked with 5% dry milk in TBS-T buffer at RT for 1 hour, and incubated
overnight at 4°C with primary antibodies at recommended dilutions. After washing with TBS-
T the membranes were incubated with secondary antibodies HRP-Goat-anti-rabbit IgG or
HRP-rabbit-anti-goat IgG (Zymed). The proteins were detected with ECL Western blotting
analysis detection system (Amersham) or SuperSignal West Chemiluminescent subtrate for
detection of HRP (Pierce). Where indicated, the membranes were stripped and re-probed with
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α-actin antibody (Sigma). For immunoprecipitation, the cells were resuspended in lysis buffer,
and cell lysates precleared with Protein G or Protein A. About 1 mg of protein from equal cell
numbers in lysis buffer was incubated with EpoR, IL-3Rβ, RARα or FLRF antibodies, and
Protein A or G, and than washed with lysis buffer. The samples were resolved and processed
identically to the Western blot procedure described above.

Results
FLRF over-expression attenuates differentiation of multipotent hematopoietic progenitors

To study its function during hematopoiesis we have over-expressed FLRF in a stem cell factor
(SCF)-dependent multipotent hematopoietic cell line EML [24,25]. EML cell line shares
phenotypic and functional features with murine Lin- c-kit+ Sca-1+ (LKS) and LKS Flk2- bone
marrow (BM) cells, which are enriched for hematopoietic stem cells (HSC) and multipotent
progenitors (MPPs) [24,25]. Similar to HSC and MPPs, almost all EML cells are Sca-1+c-
kit+ Flk2-, and express all functionally relevant hematopoietic genes (e.g. Hoxb4, Meis1,
Rae28, SCL, GATA-2, AML1, AML2, Ikaros, PU.1, Notch1, Bmi-1 etc.) [25-27].

In the presence of SCF EML cells undergo proliferative self-renewal and remain
undifferentiated, whereas in the presence of cytokines and/or stroma EML cells differentiate
into erythroid, myeloid and lymphoid lineages (Fig. 1) [24,25,28,29]. For example, in colony-
forming assays EML cells generate granulocyte/macrophage (CFU-GM), burst-forming unit
erythroid (BFU-E) and megakaryocytic (CFU-Meg) colonies in the presence of IL-3 or GM-
CSF, Epo, and Tpo, respectively (Fig. 1). In co-culture with stromal cell line W20 and IL-7,
EML cells give rise to the pro-B cells that express RAG-1 and undergo D-J rearrangements
[24]. In addition, we have discovered that in co-culture with OP9 stromal cells, expressing
Notch ligand Delta-like 1[30], EML cells undergo T cell lineage commitment and differentiate
into immature and mature T lymphocytes (manuscript in preparation).

Thus, unlike other hematopoietic progenitor cell lines, EML cells are a unique model to study
mechanisms of lineage commitment and differentiation of multipotent progenitors into most
hematopoietic lineages [31-35].

In collaboration with Dr. McIntush from Bethyl Inc. we tested two α-FLRF antibodies (Abs)
that recognize epitopes in the C-terminal part of mouse and human FLRF proteins. Anti-FLRF
Abs 1123 and 1124 have detected a 37 kDa FLRF protein in the lysates from EML cells, human
myeloid cell line KG-1, and mouse pre-B progenitor cell line 70Z3, which transcribe FLRF
[19] (Fig. 2A). Moreover, reciprocal immunoprecipitation (IP) and Western analysis have
shown that both FLRF Abs recognize the protein of the correct size in EML cells and a mouse
pro-B cell line BaF3 (Fig. 2B).

EML cells were transfected with pcDNA4 control vector or pcDNA4/FLRF vector (containing
the full-length mouse FLRF cDNA), and selected with Zeocin. Two EML cell clones stably
transfected with control vector (EML/pcDNA cells), and three EML cell clones stably
transfected with pcDNA4/FLRF vector (EML/FLRF cells), were established independently.
Figure 3A shows Western analysis of FLRF in two EML/FLRF cell clones, which express 3-
fold higher level of FLRF protein than wild type (wt EML) and vector control EML/pcDNA
cells. No difference in the proliferation rate or cell death during culture was observed between
wt, vector control or EML/FLRF cells (data not shown). One vector control and two EML/
FLRF cell clones were studied in parallel, and have yielded identical results in the experiments
described below.

Myelo-erythroid differentiation of wt EML, EML/pcDNA and EML/FLRF cells was examined
using hematopoietic colony-forming assays [1,36,37]. EML cells were resuspended in low
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melting temperature agarose supplemented with IL-3, Epo or Tpo, and plated into triplicate 6-
well plates (103 cells/well). The colonies, originating from single progenitors, were enumerated
7-10 days after plating. Figure 3B shows the representative results from four independent
experiments with two different EML/FLRF clones. Wild type EML and vector control EML/
pcDNA cells have consistently generated very reproducible and similar number of CFU-GM,
BFU-E and CFU-Meg colonies (Fig. 3B). In contrast, EML/FLRF cells have reproducibly
generated 3 to 5- fold lower numbers of CFU-GM, BFU-E and CFU-Meg colonies than wt and
EML/pcDNA cells (Fig. 3B). The same results were obtained even after using increasing
concentrations of cytokines in CFC assays. In addition, the colonies produced by EML/FLRF
cells were smaller in size, and contained fewer cells per colony than colonies derived from wt
EML and EML/pcDNA cells (Fig. 3C). These data indicate that FLRF over-expression
attenuates myelo-erythroid differentiation of EML cells.

Over-expression of FLFR leads to constitutively decreased levels of Epo and IL-3 receptors
To determine the cause for attenuated differentiation of EML/FLRF cells we first analyzed the
levels of Epo and IL-3 receptors in the wt EML, EML/pcDNA and EML/FLRF cells by
Western. To assess the receptor levels before and after ligand binding, the proteins were isolated
from control EML cells cultured with SCF only (time point 0′), and EML cells cultured in the
presence of IL-3 or Epo for 10, 20, 30 and 60 minutes in liquid culture. In comparison to wt
EML and EML/pcDNA cells, EML/FLRF cells have exhibited markedly reduced levels of
EpoR, IL-3Rα and IL-3β receptors, both prior to and after exposure to Epo and IL-3 (Fig. 4A).
These observations indicate that gain of FLRF function leads to a constitutive decrease of Epo
and IL-3 receptor levels, and suggest that FLRF regulates ligand binding-independent, steady-
state basal levels of Epo and IL-3 receptors.

The survival and proliferation of EML cells absolutely depend on the presence of SCF, and
≥95% of EML cells express SCF receptor c-kit on their cell surface, as shown by flow cytometry
analysis [24,25]. Since SCF/c-kit signaling has synergistic effect on Epo and IL-3-induced
differentiation of EML cells as well, we sought to determine whether attenuated differentiation
of EML/FLRF cells could be due also to altered steady-state levels of c-kit receptor protein.
Western analysis of multiple protein extracts has shown that the levels of c-kit protein were
almost identical among undifferentiated wt EML, EML/pcDNA and EML/FLRF cells cultured
in the presence of SCF alone (Fig. 4B), indicating that over-expression of FLRF does not have
any effect on the levels of c-kit protein in EML cells. In addition, flow cytometry analysis of
c-kit expression did not reveal any changes either, with 95-98% of wt EML, EML/pcDNA and
EML/FLRF cells being c-kit+ (data not shown). These findings were in agreement with
observation that undifferentiated wt EML, EML/pcDNA and EML/FLRF cells, cultured with
SCF alone, did not show any differences in survival, proliferation rate and doubling time.

FLRF protein associates with IL-3 and Epo receptors prior to ligand binding
To determine whether FLRF associates with Epo and IL-3 receptors, equal amount of proteins
from untreated wt EML, EML/pcDNA and EML/FLRF cells (time point 0′), and cells treated
with Epo or IL-3 for 10, 20, 30 and 60 minutes were immuno-precipitated with α-EpoR and
α-IL-3Rb Abs. Subsequent Western blotting with FLRF and receptor Abs has shown that FLRF
protein indeed associates with EpoR and IL-3Rα and IL-3Rβ receptor subunits in EML cells
(Fig. 4C). More importantly, the results in Fig. 4C show that Epo and IL-3 receptors associate
with FLRF protein in wt EML, EML/pcDNA and EML/FLRF cells in the absence of cytokines
Epo or IL-3 (time point 0′), as well as in EML cells treated with Epo or IL-3. These observations
were corroborated by IP of proteins with FLRF Abs and detection of FLRF and receptor
proteins by Western (data not shown).
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To analyze whether FLRF over-expression affected poly-ubiquitination of Epo and IL-3
receptors, equal amounts of proteins from untreated (time point 0′) and cytokine treated wt
EML and EML/FLRF cells were immunoprecipitated with EpoR and IL-3Rb Abs, and
analyzed with α-Ubiquitin Ab. Figure 4D shows that in EML/FLRF cells Epo and IL-3
receptors are associated with increased levels of poly-ubiquitin chains both prior to and after
exposure to Epo or IL-3.

In summary, the over-expression of FLRF suppresses myelo-erythroid differentiation of EML
cells, which correlates with constitutive decrease in the levels and increased ubiquitination of
Epo and IL-3 receptors. More importantly, the observation that FLRF associates with receptors
prior to ligand binding suggests that FLRF is regulating basal levels of Epo and IL-3 receptors
in a ligand binding-independent manner.

FLRF associates with and regulates Epo and IL-3 receptor levels in BaF3 cell line
To determine whether FLRF associates with Epo and IL-3 receptors in other growth factor-
dependent progenitor cell lines, we have used a panel of mouse pro-B BaF3 progenitor cell
lines [38,39]. The original BaF3 cell line is IL-3-dependent, and is maintained in RPMI medium
supplemented with murine recombinant IL-3. BaF3/EpoR cells are stably transfected with the
human Epo receptor cDNA [38], and can be maintained either with IL-3 or human recombinant
Epo. The BaF3/Mpl cells were engineered to express the murine thrombopoietin (Tpo) receptor
(c-Mpl) [39], and can be maintained with murine recombinant IL-3 or Tpo (ZymoGenetics).

Reciprocal IP experiments have shown that FLRF associates with IL-3 receptor in BaF3, BaF3/
EpoR and BaF3/Mpl cells, maintained with IL-3, Epo and Tpo, respectively (Fig. 5A). In
addition, IP with both IL-3R and EpoR Abs has shown that endogenous FLRF protein
associates with endogenous IL-3 receptor in BaF3 cells, and with ectopically expressed Epo
receptor in BaF3/EpoR cells (Fig. 5B).

To examine how FLRF over-expression affects steady state EpoR and IL-3R levels in BaF3
cells, the BaF3/EpoR cells maintained with rIL-3 and BaF3/Mpl cells maintained with rTpo,
were transfected with pcDNA4 or pcDNA4/FLRF plasmids. The transient over-expression (72
hours) of FLRF resulted in decreased levels of Epo and IL-3 receptors in two independent
BaF3/EpoR and one of the BaF3/Mpl transfectants (Fig. 5C), indicating that FLRF exerts the
same effect on steady-state levels of IL-3R and EpoR in EML and BaF3 cells.

Treatment with retinoic acid (RA) further attenuates myeloid differentiation of EML cells over-
expressing FLRF

Retinoic acid (RA) is an important regulator of myeloid progenitor differentiation [40]. The
RA functions through RARα and RXR receptors, which act as ligand-inducible transcription
factors, and interact with specific DNA targets as heterodimers (RAR-RXR) or homodimers
(RXR-RXR) [40-42]. We have confirmed previously published observation [24] that treatment
with RA enhances IL-3 or GM-SCF-induced differentiation of wt EML cells into CFU-GM
progenitors (Fig. 6A). Hence, we wanted to determine whether the treatment of EML/FLRF
cells with RA will improve their impaired differentiation into CFU-GM progenitors.

Wild type EML, EML/pcDNA and EML/FLRF cells were cultured for 20 hours with SCF
alone (control), or in the presence of SCF and RA (10-5 M), or SCF, RA and IL-3. The cells
were than plated into agarose cultures supplemented with IL-3 to examine their differentiation
into CFU-GM progenitors. Figure 6A shows representative results from three independent
experiments with two different EML/FLRF clones. As shown before [24], pretreatment with
RA augmented differentiation of wt EML and EML/pcDNA cells into CFU-GM progenitors
in comparison to control cells cultured with SCF alone (Fig. 6A). Surprisingly however, RA
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treatment resulted in even further decline in the number of CFU-GM progenitors generated by
EML/FLRF (Fig. 6A). Furthermore, while the pretreatment with SCF, RA and IL-3 further
enhanced CFU-GM colony production by wt EML and EML/pcDNA cells, it had very little
effect on generation of CFU-GM colonies by EML/FLRF cells (Fig. 6A).

To determine the mechanism behind RA-mediated decline in CFU-GM progenitors generated
by EML/FLRF cells, we examined the expression of RARα and RXR receptor proteins in
control wt EML, EML/pcDNA and EML/FLRF cells (cultured with SCF alone), and cells
cultured for 20 hours with SCF and RA or with SCF, RA and IL-3 (Fig. 6B).

Remarkably, the control EML/FLRF cells (SCF) exhibited reduced steady-state levels of
RARα receptors as compared to control wt EML and EML/pcDNA cells (Fig. 6B). Moreover,
the culture of EML/FLRF cells with SCF and RA for 20 hours decreased RARα receptor levels
even further (Fig. 6B). However, the treatment of wt EML, EML/pcDNA and EML/FLRF cells
with SCF, RA and IL-3 for 20 hours did not change significantly the levels of RARα receptors
in comparison to control cells (Fig. 6B). On the other hand, control wt EML, EML/pcDNA
and EML/FLRF cells, and cells cultured with SCF/RA or SCF/RA/IL-3 expressed similar
levels of RXR receptors (Fig. 6B). Also, the culture of wt EML, EML/pcDNA and EML/FLRF
cells with IL-3 alone for 20 hours did not significantly change the levels of RARα and RXR
receptors in comparison to control cells (Fig. 6C).

Notably, the transient over-expression of FLRF in BaF3 cells resulted in significantly
decreased steady-state levels of RARα receptors, whereas levels of RXR receptors remained
unchanged (Fig. 6D), indicating that FLRF exerts the same effect on RARα in EML and BaF3
cells. Moreover, IP and Western blotting of proteins with α-FLRF, α-RARα or α-RXR Abs,
have shown that endogenous FLRF protein associates with RARα and RXR receptors in EML
and BαF3 cells (Fig. 6E).

Taken together, these results support the notion that over-expression of FLRF negatively
affects RA-mediated differentiation of EML cells into CFU-GM progenitors by down-
regulating RARα levels, and indicate that FLRF regulates basal levels of RARα receptors in
hematopoietic progenitors in a ligand-independent fashion.

Discussion
Multiple lines of evidence support the notion that quantitative changes in receptor/ligand
signaling complex and the thresholds in receptor expression are important in regulating blood
cell differentiation. According to the signaling-threshold model the pre-determined amount of
cytokine receptors expressed by cells determines the level of formed ligand-receptor
complexes, the signaling threshold, and the cell fate [43,44]. Thus, the precise control of
receptor levels prior to ligand binding is important to ensure optimal cellular proliferation and
differentiation.

The basal levels of cytokine receptors are thought to be maintained through the balance between
synthesis, delivery, retention, and degradation [45]. The accumulating evidence shows that
besides the well-characterized ligand-induced pathways, there are ligand-independent
pathways of receptor degradation. However, the molecular mechanisms that maintain the basal
levels of receptors, and are underlying ligand-independent receptor degradation are not well
understood [46,47].

The FLRF over-expression experiments have revealed that the excess amount of FLRF protein
is constitutively decreasing Epo and IL-3 receptor levels in EML and BaF3 progenitor cell
lines, and is attenuating differentiation of multipotent EML cells into myeloid and erythroid
lineages. More importantly, these data support the notions that FLRF protein regulates steady-
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state, basal levels of Epo and IL-3 receptors in a ligand binding-independent manner, and that
it could be maintaining optimal receptor levels for proper differentiation of EML cells into
myeloid and erythroid lineages. Thus, the function of FLRF in hematopoietic progenitors is
similar to its previously reported regulation of steady-state levels of neuregulin ErbB3 and
ErbB4 receptors through their ligand-independent degradation [20,21,48]. Moreover, the
finding that over-expression of FLRF in EML cells affects the levels of Epo and IL-3 receptors
but not c-kit, provides additional insight into the specificity of FLRF in regulating levels of
cytokine receptors in hematopoietic cells.

Retinoic acid (RA) is known to augment IL-3-induced differentiation of BM-derived
hematopoietic progenitors and EML cell line into granulocyte and macrophage lineages [24,
40]. Several studies have also reported that IL-3 and GM-CSF are enhancing RARα
transcription in EML cells, myeloid progenitor cell line 32D, and mouse Lin- Sca-1 + c-kit+
bone marrow cells through activation of the Jak2/Stat5 pathway [49,50]. These findings have
revealed a previously unknown cytokine-RAR interaction during myelopoiesis, and suggested
that RAR activation could be a critical downstream event following IL-3 and GM-CSF
signaling during myeloid differentiation [49,50].

Surprisingly, the RA treatment further suppressed IL-3-induced myeloid differentiation of
EML cells over-expressing FRLF. Interestingly, protein IP and Western analysis have shown
that FLRF protein associates with RARα and RXR receptors in EML and BaF3 cell lines, and
that EML cells and BaF3 cells over-expressing FLRF exhibit significantly reduced steady-state
levels of RARα protein, whereas the levels of RXR protein remained unchanged. Moreover,
the treatment of EML/FLRF cells with RA resulted in even further decrease of RARα protein
levels. The observation that the treatment of wt EML, EML/pcDNA and EML/FLRF cells with
IL-3 alone did not change significantly the levels of RARα protein in comparison to untreated
cells, is in agreement with the previous report that IL-3-mediated enhancement of RARα
transcription in EML cells is not associated with changes in the RARα protein levels [49].
These results show that elevated levels of FLRF protein attenuate IL-3 and RA-mediated EML
cell differentiation into CFU-GM progenitors by down-regulating the steady-state levels of
IL-3R and RARα levels. Cumulatively, our results support the conclusion that FLRF (a)
regulates steady-state, basal levels of RARα receptors in hematopoietic progenitors in a ligand
binding-independent manner, and (b) participates in regulation of hematopoietic progenitor
differentiation into myeloid lineages by independently governing steady state levels of IL-3
and RAR receptors, thus impacting both IL-3 and RA signaling.

The studies in progress are aimed at determining (a) what other hematopoietic cytokine
receptors are regulated by FLRF, (b) whether human FLRF regulates basal levels of cytokine
and RA receptors in human hematopoietic cells, and (c) whether dysregulation of FLRF and
aberrant regulation of steady-state receptor levels play a role in development and progression
of hematopoietic malignancies.

In that regard, it will be also important to analyze whether hFLRF associates with and regulates
the levels of mutant RARα receptor in acute promyelocytic leukemia (APL) cells, in which the
RARα gene is fused to the promyelocytic leukemia (PML) gene, coding for a fusion PML/
RARα protein [51-54]. Notably, the query of the ONCOMINE database has revealed that FLRF
transcription was down-regulated in human hematopoietic cell line U937 engineered to express
the PML/RAR and PLZF/RAR fusion proteins [55], suggesting that the expression of human
FLRF could be dysregulated in primary APL cells and APL-derived cell lines.

Importantly, a recent study reported that FLRF expression levels inversely correlated with the
levels of ErbB3 receptor (commonly overexpressed with ErbB2 in breast cancer) in primary
human breast cancers and in a mouse model of ErbB2 mammary tumorigenesis, suggesting
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that FLRF loss could be promoting breast tumor progression by augmenting ErbB2/ErbB3
signaling [56].

In summary, this study has discovered new FLRF-mediated pathway for ligand-independent
receptor level regulation, and the results support the notion that through governing and
maintaining the optimal steady-state, basal levels of Epo, IL-3 and RAR receptors, FLRF is
involved in the control of hematopoietic progenitor cell differentiation into myelo-erythroid
lineages.

Further functional analysis of FLRF will improve our understanding of the mechanisms that
govern steady-state levels of hematopoietic cytokine receptors, and how the increased and
decreased maintenance of specific cytokine receptors affect and regulate differentiation of HSC
and progenitors into particular lineages.
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Figure 1.
The model of the maintenance and multilineage differentiation of a multipotent hematopoietic
cell line EML. In the presence of SCF EML cells undergo proliferative self-renewal and remain
undifferentiated, whereas in the presence of cytokines and/or stroma EML cells differentiate
into erythroid, myeloid and lymphoid lineages.
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Figure 2.
The expression of FLRF protein in murine and human hematopoietic cell lines. A. Detection
of mouse and human FLRF protein in EML cells, human myeloid cell line KG-1, and mouse
pre-B cell line 70Z3 with rabbit α-FLRF Abs 1123 and 1124. B. Protein immunoprecipitation
(IP) with α-FLRF Abs 1123 and 1124 and subsequent reciprocal Western analysis have shown
that both α-FLRF Abs recognize the 37 kDa protein in EML cells and mouse pro-B cell line
BaF3.
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Figure 3.
Over-expression of FLRF attenuates myelo-erythroid differenmtiation of EMl cells. A.
Western analysis of FLRF protein in wt EML cells, vector control EML/pcDNA cells, and two
EML cell clones over-expressing FLRF (EML/FLRF). Fifty μg of protein from each cell
sample were loaded per lane. The blots were stripped and re-probed with α-actin Ab. B.
Comparison of the differentiation capacity and generation of granulocyte/macrophage (CFU-
GM), erythroid (BFU-E) and megakaryocytic (CFU-Meg) colonies by wild type EML, vector
control EML/pcDNA cells and EML/FLRF cells. C. Comparison of the CFU-GM, BFU-E and
CFU-Meg colony size generated by wild type EML, EML/pcDNA and EML/FLRF cells.
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Figure 4.
FLRF associates with and regulates basal levels of cytokine receptors in EML cells. A. Western
analysis of Epo and IL-3 receptor levels in wt EML, EML/pcDNA and EML/FLRF cells. Over-
expression of FLRF leads to constitutively reduced steady-state levels of Epo, IL-3Rα and
IL-3β receptors in EML/FLRF cells, independent of the treatment with Epo or IL-3. Equal
amounts (50 μg) of protein from each cell sample were loaded per lane. The blots were stripped
and re-probed with α-actin Ab. B. Western analysis of basal levels of c-kit receptor protein in
undifferentiated wt EML, EML/pcDNA and EML/FLRF cells has revealed that over-
expression of FLRF does not have any effect on the levels of c-kit protein in EML cells. Protein
extracts from triplicate cultures of wt EML, EML/pcDNA and EML/FLRF cells were analyzed
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with goat α-c-kit M-14 antibody. The blots were stripped and re-probed with α-actin Ab. C.
Protein IP with IL-3R and EpoR Abs has shown that FLRF associates with EpoR and both
IL-3Rα and IL-3Rβ receptor subunits in wt EML, EML/pcDNA and EML/FLRF cells, both
prior to and after exposure to cytokines. D. Epo and IL-3 receptors in EML/FLRF cells are
associated with increased levels of poly-ubiquitin chains prior to and after the treatment with
Epo or IL-3.
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Figure 5.
FLRF associates with and regulates basal levels of cytokine receptors in a panel of BaF3 pro-
B progenitor cell lines. Protein IP with IL-3R, EpoR and FLRF Abs has shown that FLRF
associates with IL-3 receptor in BaF3, BaF3/EpoR and BaF3/Mpl cells (A and B), and with
Epo receptor in BaF3/EpoR cells (B). C. Transient over-expression of FLRF in BaF3/EpoR/
FLRF and BaF3/Mpl/FLRF cells leads to reduced levels of Epo and IL-3 receptor proteins.
BaF3/EpoR and BaF3/Mpl cells are mock controls. BaF3/EpoR/pcDNA and BaF3/Mpl/
pcDNA are cells transfected with control vector. The blots were stripped and re-probed with
α-actin Ab.
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Figure 6. Retinoic acid further attenuates myeloid differentiation of EML cells over-expressing
FLRF
Wild type EML, EML/pcDNA and EML/FLRF cells were cultured for 20 hours with SCF
alone (control), or in the presence of SCF and RA (10-5 M), or SCF, RA and IL-3. The cells
were than plated into agarose cultures supplemented with IL-3 to examine their differentiation
into granulocyte/macrophage (CFU-GM) progenitors. A. Generation of CFU-GM colonies by
control wt EML, EML/pcDNA and EML/FLRF cells (SCF), and cells cultured for 20 hours
with SCF and RA, or with SCF, RA and IL-3. Treatment with RA increases the number of
CFU-GM colonies produced by wt EML and EML/pcDNA cells. In contrast, RA treatment
further decreased the number of CFU-GM colonies produced by EML/FLRF cells. B. Western
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analysis of RARα and RXR receptor proteins in untreated control wt EML, EML/pcDNA and
EML/FLRF cells (SCF), and cells cultured for 20 hours with SCF and RA, or with SCF, RA
and IL-3. C. Western analysis of RARα and RXR receptor proteins in control wt EML, EML/
pcDNA and EML/FLRF cells, and cells cultured for 20 hours with IL-3. D. Transient over-
expression of FLRF in four BaF3 cell clones (BaF3/FLRF 1-4) decreased the amount of
RARα receptor protein, whereas the levels of RXR receptor remained unchanged. The blots
were stripped and re-probed with α-actin Ab. E. Reciprocal IP of proteins from EML and BaF3
cells with α-FLRF, α-RARα and α-RXR Abs has shown that endogenous FLRF protein
associates with endogenous RARα and RXR receptor proteins in EML and BaF3 cells.
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