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ABSTRACT

Retinoic acid (RA), an embryonic morphogen, is used in cancer differentiation
therapy, causing extensive gene expression changes leading to cell differentiation.
This study reveals that the expression of the Src-family kinase (SFK), FGR, alone
can induce cell differentiation similar to RA. Traditionally, RA’s mechanism involves
transcriptional activation via RAR/RXR(Retinoic Acid Receptor/Retinoid X Receptor)
nuclear receptors. In the HL-60 human myelo-monocytic leukemia model, an
actively proliferating phenotypically immature, lineage bipotent NCI-60 cell line.
RA promotes myeloid lineage selection and maturation with G1/0 growth inhibition.
This study finds that FGR expression alone is sufficient to induce differentiation,
marked by CD38, CD11b, ROS, and p27(kip1l) expression, characteristic of mature
myeloid cells.

To understand the mechanism, signaling attributes promoting RA-induced
differentiation were analyzed. RA induces FGR expression, which activates a novel
cytosolic macromolecular signaling complex(signalsome) driving differentiation.
RA increases the abundance, associations, and phosphorylation of signalsome
components, including RAF, LYN, FGR, SLP-76, and CBL, which appear as nodes in the
sighalsome. These traditionally cytosolic signaling molecules go into the nucleus. RAF
complexes with a retinoic acid-response element (RARE) in the birl gene promoter,
where the induced BLR1 expression is essential for RA-induced differentiation. We
find now that FGR expression mimics RA’s enhancement of signalsome nodes, RAF
expression, and phosphorylation, leading to BLR1 expression. Notably, FGR induces
the expression of genes targeted by RAR/RXR, such as cd38 and bir1, even without
RA. Thus, FGR triggers signaling events and phenotypic shifts characteristic of RA. This
finding represents a paradigm shift, given FGR's historical role as a pro-proliferation

oncogene.
INTRODUCTION the anterior posterior axis through regulating Hox genes
[1]. Its canonical mechanism of action is as a ligand for
Retinoic acid (RA) is the active metabolite of the ligand-activated transcription factor, RAR, which with
vitamin A and is a steroid that is necessary for proper its RXR hetero-dimerization partner, binds Retinoic Acid
growth and development in chordates. During embryonic Response Elements (RAREs) in the promoters of targeted
development, it is a morphogen specifying position along genes, thereby releasing co-repressors and attracting
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co-activators to initiate transcription [2]. In adults, it
regulates a variety of tissue and organ functions, including
hematopoiesis, immune function, neural function, and
spermatogenesis, amongst other things. It is ergo of
widespread and fundamental biological significance as a
regulator of cell proliferation and differentiation. As such,
RA has been exploited as a therapeutic modality in the
differentiation induction therapy of Acute Promyelocytic
Leukemia (APL, French-American British classification
FAB M3) where retinoic acid-based therapy has caused
remission rates of almost 90%, making its mechanism of
action and applicability to the treatment of other tumors
of great interest in cancer chemotherapy [3]. A major
hurdle to molecular insight into its mechanism of action is
that RA induces a plethora of changes in gene expression
thereby making discerning the events seminal to control
of proliferation and differentiation a challenge. It is not
known what RA-induced triggering event(s) causes the
cascade culminating in cell differentiation [4].

The mechanism of action of RA has been studied
in numerous contexts. One of the most prominent
experimental venues is the HL-60 human leukemia cell
[5, 6]. Derived from a patient with Acute Myeloblastic
Leukemia (AML French-American-British classification
FAB M2), it is a hematopoictic precursor cell in the
myelo-monocytic series that gives rise to either myeloid
or monocytic cells. It is, thus, lineage uncommitted
as a lineage bi-potent GM precursor [7-9]. The cells
proliferate avidly in culture with a division time of about
24 hrs., making them attractive as an experimental model
susceptible to genetic engineering where ample material
for molecular analysis can be generated. Over about 2
division cycles, RA causes the cells to undergo myeloid
differentiation, whereas 1,25-dihydroxy vitamin D3 causes
monocytic differentiation. RA-induced differentiation
presents as a progression that is betrayed by sequential
expression of cell surface and functional markers, CD38,
CDl11b, ROS (reactive oxygen species) production, which
is inducible, and G1/0 cell cycle arrest, culminating in the
appearance of mature myeloid cells [10, 11]. The process is
driven by MAPK pathway signaling reflecting activation of
a RAF/MEK/ERK axis imbedded in a cytosolic signaling
machine, a putative signalsome [12—14]. RA activates
the signalsome by inducing expression of FGR which is
incorporated into the signalsome to activate it. Activation
is associated with enhanced expression of its constituents
and their phosphorylation [15]. The signalsome includes
an ensemble of signaling molecules typically associated
with MAPK pathway signaling, including RAF, LYN,
FGR, SLP-76 and CBL, which form a string of connected
nodes where other components connect as detected
by immunoprecipitation and FRET [15-19]. RAF,
LYN, FGR, SLP-76 and CBL become enriched in the
nucleus, ostensibly reflecting nuclear translocation due
to signalsome activation [20-22]. RAF in the nucleus
binds NFATc3 in the promotor of the blrl gene, which

encodes a membrane serpentine receptor aka CXCRS,
and this is associated with transcriptional activation [22].
BLR1 expression occurs early and is necessary to propel
RA-induced differentiation since its KO eliminates RA-
induced expression of all aforementioned differentiation
markers [23, 24]. This scheme, which is a significant
augmentation of the historically dominant paradigm
for mechanism of action of RA, occurs amidst a myriad
of other RA-induced cellular protein changes, any of
which might potentially influence it or even supplant it.
However, FGR appears to play a central role as posited in
this scheme [15]. Interestingly, chronic exposure of these
cells to RA results in resistance to RA, reminiscent of the
clinical resistance to RA occurring when APL patients
relapse after initially successful RA-treatment, where FGR
now fails to be induced by RA [25, 26].

FGR is a member of the Src family of protein
tyrosine kinases. It is historically perceived as a viral
oncogene with pro-proliferation effects via positive effects
on cellular mitogenic signaling, hence it is considered a
transforming onco-protein [27]. It is a plasma membrane
protein [28]. It notably acts downstream of receptors to
facilitate signaling [28-33]. In addition to transformation,
it also functions, acting as a positive or negative regulator,
in various normal contexts including migration, adhesion,
and signal transduction, such as from the membrane to the
actin cytoskeleton. It has SH2 and SH3 domains to enable
its interactions with the phospho-tyrosine-containing
motifs or proline-rich motifs, respectively, of partnering
proteins [34]. It has ergo, widespread deployment as an
intermediary for regulating cellular signaling [35-37]. Of
note and relevance to the present study, it has been found
to cause phosphorylation of CBL and VAV [15, 38—40].

The results of the present study augment paradigms
on the mechanism of action of RA and FGR. RA is a well-
known inducer of cell differentiation, and we now find that
ectopic expression by stable transfection of FGR in HL-60
human myeloblastic leukemia GM-precursor cells by itself
resulted in a phenotypic shift that was characteristic of
differentiation induced by RA. In particular, expression of
FGR caused expression of the cell surface differentiation
markers, CD38 and CD11b, the functional differentiation
marker, ROS, and the cell cycle regulator, p27(kipl).
FGR, thus, supplanted RA in inducing cell differentiation.
This appeared to reflect the effect of FGR on signaling
that propels RA-induced differentiation. Expression of
FGR enhanced the expression of a suite of proteins in a
putative signalsome that promotes cell differentiation,
mimicking the effects of RA. These include RAF, LYN,
SLP-76 and CBL, all of which have been previously
implicated in promoting RA-induced differentiation. FGR
is known to bind and activate this signalsome, suggesting
that RA-induced FGR expression is a seminal event for
causing cell differentiation. Expression of FGR also
mimicked RA in causing enhancement of VAV, a GEF
and adaptor thought necessary for myelopoiesis, and
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NUMB, an adaptor that regulates binary cell fate decisions
during embryonic development; both of which appear
to function as scaffolds in the signalsome, depending
on their phosphorylation. Also analogous to RA, FGR
expression caused expression of BLR1 (aka CXCRS5), a
serpentine cell surface/membrane receptor, expression
of which is known to be necessary for RA-induced
differentiation. It is intriguing that CD38 and BLR1 are
both genes known to be positively regulated by RAREs,
but expression was turned on without RA by FGR.
Interestingly, treating the FGR stable transfectants with
RA did not appreciably further increase the expression
of these key signalsome components or the expression
of differentiation markers, consistent with the notion that
FGR had effectively usurped/subsumed the function of
RA. Among the many proteins that have their expression
affected by RA in the process of cell differentiation, FGR,
thus, appears to function as the trigger that causes the
signaling and consequential phenotypic shift characteristic
of RA-induced differentiation. It is striking that a single
molecule can do this, the more so that it is historically a
transforming onco-protein.

Retinoic acid is a major regulator of embryonic
development, a process of cellular decisions to choose
phenotypes and proliferate or arrest that involves a
complex interrelated set of decision points. HL-60 cells are
lineage uncommitted cells that make only two decisions,
namely, to grow or not and which of two lineages to
differentiate along; in that sense they might be thought of
as an abstraction of broader and more complex RA-guided
developmental biology. RA causes these cells to elect
the myeloid lineage and undergo G1 growth retardation,
betrayed by expression of differentiation markers that
are well known since hematological cell markers have
been historically so well established. The major ones for
myeloid lineage differentiation are CD38, CD11b, ROS,
and for growth arrest, p27(kip1). Studies from this model
may ergo have broad implications in development, as well
as cancer.

HL-60
RA +

FGR O.E

RESULTS

FGR expression caused cell differentiation

Stable transfectants achieve FGR expression
comparable to level induced by RA

Stable transfectants ectopically expressing FGR
were created. Wild type (wt) HL-60 cells were stably
transfected to express FGR using electroporation of a
retroviral expression vector (pWZL Neo Myr Flag FGR)
with a dominant selectable marker (Neo) and G418
selection. Transfectants were pooled to avoid clonal
bias. The wild type of parental cells and the FGR stable
transfectants, untreated and RA-treated (1.0 microM for
72 hrs), were subject to Western analysis probing for
FGR (Figure 1). The Western blot shows that there is
no expression in untreated wild type cells, and there is
pronounced expression in the stable transfectants. The
extent of expression was comparable to that typical of
levels induced by RA in wild type cells. RA (1 microM)
did not cause any gross enhancement of FGR in the stable
transfectants. These stable FGR transfectants were used in
the subsequent experiments that analyzed their phenotype
and signaling attributes.

FGR stable transfectants express cell surface
differentiation marker CD38

Unlike wt parental cells, FGR stable transfectants
express CD38. CD38 is a cell surface marker for RA-
induced myeloid differentiation. It is an ecto-enzyme
receptor for NAD metabolism that also originates MAPK
pathway signaling. In the RA-induced progression of
wt HL-60 cells from myeloblastic to mature myeloid
cells, CD38 is an early marker that is apparent in most
cells by about 12 hrs of treatment. Cell membrane CD38
expression was analyzed using a phycoerythrin conjugated
antibody against CD38 that was detected by flow
cytometry. The flow cytometric histogram shows relative

FGR — e

GAPDH

—--—

Figure 1: FGR Western blot analysis of HL-60 wt and FGR O.E cells untreated and treated with RA. Wild-type and
FGR O.E HL-60 cells were untreated (control) or treated for 72 h with RA (1 uM) as indicated. 25 pg of lysate per lane was resolved by
SDS PAGE and electro-transferred to membranes. Membrane images for each protein are cropped to show only the band of interest. For all
Western blots, densitometric analysis of 3 or more biological repeats were quantified using ImageJ and shown in Supplementary Figure 10.
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number of cells versus their expression level for wt cells
and stable transfectants that were untreated or RA-treated
(1.0 microM for 72 hrs) (Figure 2). At least 10,000 cells
were analyzed for each case. Wt HL-60 were negative for
expression, whereas the FGR stable transfectants were
positive. The CD38 expression level achieved in the stable
transfectants was comparable to that of RA-treated wild
type cells. Treating the FGR transfectants with RA did not
cause any significant further increase in CD38 expression
level.

FGR stable transfectants express CD11b cell surface
differentiation marker

Unlike wt parental cells, FGR stable transfectants
express CD11b. CD11b is a cell surface marker for RA-
induced myeloid differentiation. It is an integrin receptor,
and a complement receptor, and can originate MAPK
pathway signaling. In the RA-induced progression of
cell differentiation, it is a marker of later progression
that follows CD38 expression. For wt cells and stable
transfectants that were untreated, or RA treated (1.0
microM for 72 hrs), cell surface CD11b expression was
analyzed by flow cytometry using a fluorescent FITC
conjugated antibody against CD11b (Figure 3). The
flow cytometric histograms showing relative number of
cells versus expression level show that while wt cells
are negative, the FGR transfectants are positive. The

expression level in the transfectants was comparable
to that of wt cells treated with RA. Expression in the
transfectants was not significantly enhanced by treatment
with RA. Ectopic FGR expression thus resulted in cells
displaying two cell surface markers that characterize RA-
induced differentiation.

As expected for myeloid differentiation, expression
of the monocyte/macrophage cell surface differentiation
marker, CD14, was not detected by flow cytometry in FGR
stable transfectants, matching wt parental cells treated
with RA which were also negative (data not shown).

FGR stable transfectants express ROS

Unlike wt parental cells, FGR stable transfectants
produce ROS (reactive oxygen species) that is
inducible. Production of reactive oxygen species,
superoxide, is a functional differentiation marker of
mature myeloid cells. ROS production is inducible,
a telltale of the inducible oxidative metabolism that
characterizes mature myeloid cells. For wt cells
and stable transfectants that were untreated or RA-
treated (1.0 microM for 72 hrs), ROS was assayed
using 5-(and-6) chloromethyl-2',7'-dichlorodihydro—
fluorescein diacetate acetyl ester (H2-DCF) oxidation
detected by flow cytometry (Figure 4). The flow
cytometric histogram shows the relative number of cells
versus fluorescence. TPA was used to cause inducible
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Figure 2: Phenotypic cell surface differentiation marker analysis of HL-60 wt and FGR O.E cells untreated and
treated with RA. HL-60 cells were cultured in the absence (control) or presence of 1 uM RA as indicated. CD38 expression was assessed

by flow cytometry following 72 h treatment period. Gating to discriminate positive cells was set to exclude 95% of untreated controls.
Quantification of 3 or more biological repeats is in Supplementary Figure 19.
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superoxide production. DMSO was the carrier for the
TPA; and DMSO-treated cells were the carrier control
for assaying TPA inducible oxidative metabolism.
Whereas wt cells did not make detectable ROS, as
expected for cells that had not differentiated, the FGR
transfectants were producing ROS. TPA failed to induce
much more ROS production in wt cells as expected for
cells that had not differentiated, but FGR transfectants
produced more ROS after TPA treatment. The FGR
transfectants thus expressed ROS, and it was TPA-
inducible, characteristic of differentiated cells. After
RA-treatment, wt cells showed TPA-inducible ROS
as expected of differentiated cells. ROS production
induced by TPA in FGR transfectants was comparable to
that in RA-treated wt cells. The FGR transfectants thus
expressed a functional differentiation marker, namely
ROS production, characterizing cell differentiation in
addition to the two cell surface markers.

FGR stable transfectants express p27 CDKI

Expression of FGR in stable transfectants results
in expression of p27. P27 is a CDKI (Cyclin Dependent
Kinase Inhibitor). It inhibits G1 cyclins to retard cell cycle
progression in G1. Wt HL-60 cells do not express p27.
Western analysis of wt cells and FGR transfectants that
were untreated or treated with RA (1.0 microM for 72
hrs) showed that while wt cells were negative, the FGR
transfectants were positive (Figure 5). The expression

level of p27 in the FGR transfectants was comparable
to that induced by RA in wt cells. Treating the FGR
transfectants with RA did not cause a detectable increase
in expression. Hence, the expression of FGR caused
expression of a cell cycle regulator characteristic of RA
treatment. As expected, population growth of the cells
mirrored this. Flow cytometric DNA histograms of cells
after hypotonic propidium iodide staining showed that
the FGR transfectants were enriched for relative number
of G1/0 cells compared to the wt cells (Figure 6). In
sum, FGR expression in stable transfectants caused the
expression of an ensemble of cell surface and functional
differentiation markers characteristic of RA-induced
differentiation, specifically CD38, CD11b, ROS, and p27.
FGR has thus effectively caused cell differentiation akin
to RA.

A second FGR transfection done as a biological
repeat resulted in FGR stable transfectants again
expressing these differentiation markers (Supplementary
Figure 1). Two biological repeats ergo both showed FGR
caused differentiation. Clonal bias in both cases was
obviated by using pooled transfected cells.

While it is only anecdotal, it is interesting to note
that it appears the second transfectant expressed FGR at a
lower level than the first, but unlike the first transfectants
RA-treatment obviously enhanced it. And associated
with this, expression of the phenotypic markers, CD38,
CD11b, ROS and GO, already enhanced by FGR
expression, were also further enhanced by RA-treatment
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Figure 3: Phenotypic cell surface differentiation marker analysis of HL-60 wt and FGR O.E cells untreated and

treated with RA. CD11b expression was assessed by flow cytometry after 72 h treatment periods. Gating to discriminate positive cells
was 95% of untreated controls. Quantification of 3 or more biological repeats is in Supplementary Figure 20.

www.oncotarget.com

206

Oncotarget



(Supplementary Figures 2—5). This would be consistent
with differentiation being driven by FGR expression.

FGR expression enhanced signaling molecules
that propel differentiation

RA-induced differentiation of HL-60 cells is driven
by a macromolecular signaling machine, a putative
signalsome, in which the RAF/MEK/ERK axis is
imbedded. A suite of molecules in the signalsome has been
identified as connected nodal points that other signalsome
components are attached to. They are up regulated by
RA and positively regulate differentiation as revealed by
ectopic expression and/or KO. These are RAF, FGR, LYN,
SLP-76, and CBL. In the signalsome, VAV and NUMB
are implicated as scaffolds that are upregulated by RA.
An important function of this signaling is to induce the
expression of the BLR1 receptor which is necessary for
cells to differentiate.

FGR expression enhanced expression of RAF (pS259)

FGR caused increased expression of phosphorylated
RAF in transfectants compared to the parental wt cells.
In wt cells, RA causes upregulation of RAF and its
phosphorylation at several sites, S259 in the CR2 region
that contains a recognition site for 143-3, a signalsome
component, being a prominent one. RAF activity,
embodied in the CR3 region, is known to propel RA-
induced differentiation. pS259, which has been reported
paradoxically as both a positive and negative regulatory
site in other contexts, is used here as a telltale of RA-
response. Wt cells and FGR transfectants were untreated
or treated with RA (1.0 microM for 72 hrs), and whole
cell lysates harvested for Western blotting which was
probed for pRAF (pS259) (Figure 7). Comparing the FGR
transfectants to parental wt cells shows that expression
of FGR had caused increased expression of pRAF. The
increase in expression met and exceeded that in RA-treated
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Figure 4: Functional differentiation marker analysis of HL-60 wt and FGR O.E cells untreated and treated with RA
measured by TPA-induced respiratory burst. (A) HL-60 WT (parental wildtype) cells were cultured in the absence (control) or
presence of 1 pM RA as indicated. (B) FGR O.E cells were cultured in the absence or presence of 1 uM RA as indicated. Respiratory burst
was analyzed by measuring reactive oxygen species (ROS) production by flow cytometry using the 2’,7"-dichlorofluorescein (DCF) assay
for DMSO carrier control and TPA induced cells. Gates shown in the histograms were set to exclude 95% of the DMSO-treated control
population (carrier control) for each culture condition. For each of the 4 cases, WT and FGR that were control and RA-treated, TPA-treated
samples show induced ROS. Inducible ROS production is betrayed by the shift in the TPA histogram compared to the DMSO histogram
shown in the merged histogram. Quantification of 3 or more biological repeats is in Supplementary Figure 21.
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wt cells, where RA caused up-regulation as expected. FGR
thus caused up-regulation of pRAF like RA.

FGR expression enhanced expression of LYN

FGR caused increased expression of LYN in
transfectants compared to wt cells. In wt cells, RA

HL-60 FGR O.E
RA + -

causes up-regulation of LYN, but its regulation of
differentiation remains enigmatic. It is associated with
both pro-proliferation and pro-differentiation attributes
in AML [41]. While a modest KD is inhibitory for
RA-induced differentiation signaling, a KO enhances
RA-induced signaling and differentiation [16, 42, 43].
Regardless, it is RA-up-regulated, and it regulates
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Figure 5: p27 Western blot analysis of HL-60 wt and FGR O.E cells untreated and treated with RA. Wild-type and FGR
O.E HL-60 cells were untreated (control) or treated for 72 h with RA (1 uM) as indicated. 25 pg of lysate per lane was resolved by SDS
PAGE and electro-transferred to membranes. Membrane images for each protein are cropped to show only the band of interest. For all
Western blots, densitometric analysis of 3 or more biological repeats were quantified using ImageJ and shown in Supplementary Figure 11.
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Figure 6: Cell cycle analysis of HL-60 WT and FGR O.E cells. DNA histograms show FGR transfectants were enriched for
relative number of G1/0 cells compared to the wt cells. Wild-type and FGR O.E cell lines were cultured for 72 h without (untreated control)
or with 1 pM RA as indicated. Cell cycle distribution showing the percentage of cells in G1/G0 was analyzed using flow cytometry with
propidium iodide staining at 72 h. Gates define the G1, S, and G2/M subpopulations (left to right). G1/0 arrest is indicated by an increase
in the G1 peak for FGR O.E compared to wt cells. Quantification of 3 or more biological repeats is in Supplementary Figure 22.
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RA-induced differentiation — possibly in a dose dependent
manner. Wt cells and FGR transfectants were untreated or
treated with RA (1.0 microM for 72 hrs), and whole cell
lysates harvested for Western blotting, probing for LYN
(Figure 8). Comparing the FGR transfectants to parental wt
cells shows that expression of FGR had caused increased
expression of LYN. In wt cells RA caused up-regulation
of LYN, as expected. The up-regulated expression in FGR
transfectants was comparable to that in RA-treated wt
cells. FGR thus caused up-regulation of LYN like RA.

FGR expression enhanced expression of SLP-76

FGR caused increased expression of SLP-76 in
transfectants compared to wt cells. In wt cells, RA causes
up-regulation of SLP-76, seen as the most prominent
RA-induced tyrosine phosphorylation in a p-tyr blot, that

was crippled when differentiation was inhibited by FGR
KO, implicating it in driving RA-induced differentiation.
Wt cells and FGR transfectants were untreated or treated
with RA (1.0 microM for 72 hrs), and whole cell lysates
harvested for Western blotting, probing for SLP-76
(Figure 9). Comparing the FGR transfectants to parental
wt cells shows that expression of FGR had caused
increased expression of SLP-76. The increased expression
was comparable to that in RA-treated wt cells, where RA
increased expression as expected. FGR thus caused up-
regulation of SLP-76 like RA.

FGR expression enhanced expression of CBL

FGR caused increased expression of CBL compared
to wt cells. In wt cells, RA causes a modest enhancement
of CBL expression, and ectopically expressed mutant

HL-60 FGRO.E WT

RA +

p-c-RAF

(Ser259) D G w—

GAPDH

-_— T e

Figure 7: p-c-RAF (Ser259) Western blot analysis of HL-60 wt and FGR O.E cells untreated and treated with RA. Wild-
type and Fgr O.E HL-60 cells were untreated (control) or treated for 72 h with RA (1 uM) as indicated. 25 pg of lysate per lane was resolved
by SDS PAGE and electro- transferred to membranes. Membrane images for each protein are cropped to show only the band of interest. For
all Western blots, densitometric analysis of 3 or more biological repeats were quantified using ImageJ and shown in Supplementary Figure 12.

HL-60 FGR O.E

RA 4+

WT

N | g G — e

GAPDH| "> T S a—

Figure 8: LYN Western blot analysis of HL-60 wt and FGR O.E cells untreated and treated with RA. Wild-type and Fgr
O.E HL-60 cells were untreated (control) or treated for 72 h with RA (1 pM) as indicated. 25 pg of lysate per lane was resolved by SDS
PAGE and electro-transferred to membranes. Membrane images for each protein are cropped to show only the band of interest. For all
Western blots, densitometric analysis of 3 or more biological repeats were quantified using ImageJ and shown in Supplementary Figure 13.
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CBL fail to drive differentiation in contrast to wt CBL,
implicating it as a regulator of RA-induced differentiation.
Wt cells and FGR transfectants were untreated or
treated with RA (1.0 microM for 72 hrs), and whole
cell lysates harvested for Western blotting, probing for
CBL (Figure 10). Comparing the FGR transfectants
to parental wt cells shows that expression of FGR had
caused increased expression of CBL. CBL expression in
the transfectants was comparable to that in RA-treated
wt cells. FGR transfectants thus had increased CBL
comparable to that in RA-treated wt cells.

FGR expression enhanced expression of VAV

FGR caused enhanced VAV expression compared to
wt cells. In wt cells, RA enhances expression of VAV which

HL-60
RA +

FGR O.E

is a binding partner of CBL, implicating it in regulating
RA-induced differentiation. Wt cells and FGR transfectants
were untreated or treated with RA (1.0 microM for
72 hrs), and whole cell lysates harvested for Western
blotting, probing for VAV (Figure 11). FGR transfectants
expressed more VAV than wt cells. Expression of VAV in
transfectants was comparable to RA-treated wt cells. FGR
thus caused increased expression of VAV like RA.

FGR expression enhanced expression of NUMB

FGR caused increased expression of NUMB in
transfectants compared to expression in wt cells. In
wt cells, RA causes increased NUMB expression with
attendant FGR dependent phosphorylation, implicating
it as a regulator of RA-induced differentiation. NUMB

WT

SLP-76 | v <— m— —

Figure 9: SLP-76 Western blot analysis of HL-60 wt and FGR O.E cells untreated and treated with RA. Wild-type and
Fgr O.E HL-60 cells were untreated (control) or treated for 72 h with RA (1 uM) as indicated. 25 pg of lysate per lane was resolved by
SDS PAGE and electro-transferred to membranes. Membrane images for each protein are cropped to show only the band of interest. For all
Western blots, densitometric analysis of 3 or more biological repeats were quantified using ImageJ and shown in Supplementary Figure 14.

HL-60
RA +

FGR O.E

WT

c-CBL

Figure 10: c-CBL Western blot analysis of HL-60 wt and FGR O.E cells untreated and treated with RA. Wild-type and
Fgr O.E HL-60 cells were untreated (control) or treated for 72 h with RA (1 uM) as indicated. 25 pg of lysate per lane was resolved by SDS
PAGE and electro- transferred to membranes. Membrane images for each protein are cropped to show only the band of interest. For all
Western blots, densitometric analysis of 3 or more biological repeats were quantified using ImageJ and shown in Supplementary Figure 15.
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is Ser and Tyr phosphorylated at numerous sites, and
the evolutionarily conserved pS276 has been implicated
as a regulator of binding to 14-3-3, a component of the
signalsome, and asymmetric division. It is used here as a
telltale of RA-response. Wt cells and FGR transfectants
were untreated or treated with RA (1.0 microM for
72 hrs), and whole cell lysates harvested for Western
blotting, probing for pNUMB (pS276) (Figure 12). FGR
transfectants expressed more pNUMB than wt cells. The
expression in FGR transfectants was comparable to RA-
treated wt cells. Expression of FGR thus caused increased
pNUMB expression like RA.

FGR expression caused expression of BLR1

Expression of FGR in transfectants caused
expression of BLR1 aka CXCRS5. In wt cells, BLR1 is not

HL-60 FGRO.E
RA +

expressed until the cells are treated with RA, which induces
expression. BLR1 expression is necessary for RA-induced
differentiation. Wt cells and FGR transfectants were
untreated or treated with RA (1.0 microM for 72 hrs), and
whole cell lysates harvested for Western blotting, probing
for BLR1 (Figure 13). While wt cells were negative for
BLRI1 expression, FGR transfectants expressed BLRI.
Expression of BLR in the transfectants was comparable
to, if not exceeding, that in RA-treated wt cells. FGR thus
induced expression of BLR1, which is known to be a
necessary driver of cell differentiation in response to RA.

Ectopic expression of FGR did not rescue
differentiation response of RA-resistant cells

While loss of RA-induced FGR expression is a
prominent feature distinguishing RA-resistant cells created

WT

VAV1

CAPDH | s s cnm

Figure 11: VAV1 Western blot analysis of HL-60 wt and FGR O.E cells untreated and treated with RA. Wild-type and
Fgr O.E HL-60 cells were untreated (control) or treated for 72 h with RA (1 uM) as indicated. 25 pg of lysate per lane was resolved by
SDS PAGE and electro-transferred to membranes. Membrane images for each protein are cropped to show only the band of interest. For all
Western blots, densitometric analysis of 3 or more biological repeats were quantified using ImageJ and shown in Supplementary Figure 16.
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Figure 12: p-NUMB Western blot analysis of HL-60 wt and FGR O.E cells untreated and treated with RA. Wild-type
and Fgr O.E HL-60 cells were untreated (control) or treated for 72 h with RA (1 uM) as indicated. 25 pg of lysate per lane was resolved by
SDS PAGE and electro- transferred to membranes. Membrane images for each protein are cropped to show only the band of interest. For all
Western blots, densitometric analysis of 3 or more biological repeats were quantified using ImageJ and shown in Supplementary Figure 17.
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by chronic exposure to RA from their wild type parental
cells, ectopic FGR expression in the resistant cells did not
cause differentiation or rescue RA-induced differentiation.
RA resistant variants of HL-60, called R-, were previously
created by chronic exposure to RA. RA failed to induce
differentiation, marked by CD38, CDIlb or G1/0
enrichment. Stable transfectants expressing ectopic
FGR in these cells were created as done for the wt cells
(Supplementary Figure 6). Unlike for wt parental HL-60
transfected with FGR, these transfectants failed to express
CD38, CD11b or G1/0 enrichment (Supplementary Figures
7-9). RA-treatment also failed to elicit CD38 or CD11b
expression or G1/0 enrichment. The cells were ergo still
resistant despite expression of FGR, indicating that there
were other dysfunctions in the resistant cells that prevented
differentiation by FGR or RA, singly or in combination.
There are, therefore, presumably collaborators with FGR
that are necessary early in the process of differentiation,
since even the early CD38 marker is absent. Alternatively,
there is some occult regulator of signaling that blocks FGR
from acting early on to start the process of differentiation.
Treated with RA, the R- cells diverge from wt cells in the
response of a number of signaling molecules, of which
FGR was the most prominent, but any of these singly or
in combination could obviously be collaborators rendered
dysfunctional in the R- cells. Regardless of mechanism,
FGR by itself cannot rescue resistant cells derived by
chronic RA exposure. This is consistent with the notion
previously put forth that resistance involves at least two
steps and a number of signaling defects.

DISCUSSION

Retinoic acid (RA) is a biologically fundamental
widespread regulator of cell differentiation and
proliferation in both embryonic and adult cells [2, 44].

It has been exploited as a differentiation therapy to induce
differentiation and retard growth of leukemia, specifically
APL, an otherwise largely incurable disease [45—48].
The present studies show that FGR causes the signaling
and phenotypic shift characteristic of RA in human
myeloid progenitor leukemia cells. Patient derived HL-
60 human myeloid leukemia cells, which bear fidelity to
a RA responsive subtype of AML [6], undergo myeloid
differentiation and growth retardation in response to
RA [48-50]. We now find that expression of FGR by
stable transfection results in cells that are phenotypically
differentiated just as if treated with RA. The transfectants
express CD38, CD11b cell surface differentiation markers,
the functional differentiation marker ROS that betrays the
oxidative metabolism of mature myeloid cells, and the
p27 CDKI responsible for G1 phase cell cycle retardation.
To gain mechanistic insight, signaling known to propel
RA-induced differentiation was analyzed. Previous
studies have indicated that a cytosolic signalsome
propels RA-induced differentiation [12-15]. Within
the signalsome, RAF, FGR, LYN, SLP-76 and CBL
appear as connected nodes to which other signalsome
components are connected in a force-node diagram of
interacting partners. RA causes increased expression of
signalsome components and its activation. We now find
that expression of FGR enhances expression of RAF,
LYN, SLP-76 and CBL, mimicking the RA-induced up-
regulation of these key signalsome components. Within
the signalsome, previous studies have also indicated that
VAV and NUMB appear to provide a scaffolding function.
These, too, are enhanced by FGR expression. All of these
signaling molecules have been previously implicated as
positive regulators of RA-induced differentiation [13—19,
51], and the present studies show that FGR enhances
them. A known necessary downstream consequence of the
signaling in RA-treated cells is the induced expression of

HL-60 FGR O.E WT
RA + + -
BLR1 —-—— e—

GAPDH| v < S |

Figure 13: BLR1 Western blot analysis of HL-60 wt and FGR O.E cells untreated and treated with RA. Wild-type and
Fgr O.E HL-60 cells were untreated (control) or treated for 72 h with RA (1 uM) as indicated. 25 ug of lysate per lane was resolved by
SDS PAGE and electro-transferred to membranes. Membrane images for each protein are cropped to show only the band of interest. For all
Western blots, densitometric analysis of 3 or more biological repeats were quantified using ImageJ and shown in Supplementary Figure 18.
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the BLR1 receptor, aka CXCRS, which is necessary for
RA to induced differentiation [23, 24]. The present studies
show that FGR expression also causes the expression of
BLRI1. The signaling caused by expression of FGR thus
appears to be functionally competent. Hence expression
of FGR causes signaling and differentiation akin to RA.
FGR appears to be functioning as the single triggering
event for RA-induced differentiation. It is somewhat
remarkable that FGR, just a single protein by itself, can
replace an agent with broad pleiotropic effects, namely
RA, i.e., amongst the many effects of RA, FGR by itself
was necessary and sufficient.

The present findings militate against the orthodoxy
of what viral transforming genes do to enhance MAPK
pathway related signaling seminal to mitogenesis. The
long-standing traditional general perception of the function
of FGR and SRC-family Kinases generally is to enhance
MAPK pathway signaling from growth factor receptors
and propel mitogenesis associated with tumorigenesis
[35, 52]. The present results indicate that FGR can also
do essentially the opposite; that is, propel differentiation
and loss of the tumor phenotype. The effects of FGR in
signal transduction, however, are varied and the present
results are potentially within this broad spectrum of
functions. Nevertheless, there is a paradox regarding
what determines whether FGR has pro-tumor or anti-
tumor effects in different contexts. One simple potential
rationalization is availability of target/binding sites and
stoichiometry. In the present context, accordingly there is
a signalsome that binds and is activated by FGR, which
presumably competes with complexes on the cytosolic
domain of growth factor receptors. If the former is favored
over the latter by stoichiometry or avidity, then the present
phenomenon ensues. If there is no signalsome, then
obviously the latter prevails. Regardless of mechanism,
the present findings expand the repertoire of functions
attributable to FGR.

An enigma imbedded in the present findings is how
FGR causes genes controlled by RARESs to be expressed
absent RA, while at the same time retaining specificity
for the RA-targeted genes. For example, expression
of CD38 is controlled by an RARE in the first intron
[53], and expression of BLRI1 is controlled by a RARE
approximately 1.1 kb 5’ of the first exon [54]. Presumably,
RA directed specificity must be conserved for FGR
because FGR causes differentiation which depends on
the proper sequential expression of specific genes. The
enigma is, thus, how one apparently can specifically
target and express RARE controlled genes without RA.
While many possibilities might present themselves in
the complex biology of transcriptional regulation, one
possibility is that RAR and its hetero-dimerization partner,
RXR, reside without any RA ligand on the promoter of a
target gene and essentially license it for expression. While
the mechanism is enigmatic, the present results indicate
that FGR has the capability to cause expression of RARE

controlled genes without RA, revealing a novel function
for FGR. FGR targets several key proteins to promote
leukemia cell differentiation. It upregulates surface
markers CD38 and CDI11b, and the cyclin-dependent
kinase inhibitor p27, which induces cell cycle arrest. FGR
also enhances components of the signalsome, including
RAF, LYN, SLP-76, and CBL, as well as scaffolding
proteins NUMB and VAV. Additionally, FGR influences
the expression of BLR1, a G-protein-coupled receptor.
These actions collectively mimic retinoic acid-induced
differentiation in leukemia cells.

Obviously, the present results indicate areas of
the biology of RA and FGR where the commonly held
existing signaling paradigms are incomplete. These
enigmas, such as how a prototypical viral transforming
agent is seminal to differentiation of leukemia cells -
essentially a reversal of transformation, or how FGR
causes genes controlled by RAREs to be expressed
without any RA, are not as recondite if considered from
the perspective of this novel paradigm for RA-induced
differentiation for which the HL-60 model was the
prototype. Predicated on the original finding [12] some
25 years ago that RA-induced differentiation required
prolonged MAPK pathway related signaling, the now
emerging paradigm is that RA causes expression of FGR,
FGR binds and activates a putative signalsome in the
cytosol - ostensibly at the inner membrane interface, and
activation of the signalsome causes nuclear enrichment
of RAF, FGR, LYN, SLP-76 and CBL, which potentially
become transcription factors [15, 20]. Indeed, in support
of the idea that traditionally regarded cytosolic signaling
molecules can have nuclear activity, there is evidence that
VAV, a GEF and adaptor, can go to the nucleus and act
as a transcription factor, e.g. VAV has been found bound
to NFAT in a transcriptionally active complex in one
context [55]. SFKs have also been found in the nucleus
and implicated in controlling chromatin condensation
[56]. The prototype here is RAF (pSerine621), which
binds NFATc3 downstream of the non-canonical 17bp
GT box RARE of the blrl gene, where enhanced binding
due to RA is associated with transcriptional activation
[22]. BLR1 expression also generates MAPK pathway
signaling and is necessary for RA to induce expression
of CD38, CD11b, ROS and G1/0 enrichment associated
with growth retardation of differentiated cells [23,
24]. The sequence of CD38, CD11b and ROS marks
the progressive phenotypic shift along the myeloid
differentiation lineage. CD11b activates a CD11b/FAK/
LYN/SLP-76 signaling axis to promote RA-induced HL-
60 cell differentiation [13], specifically CD11b expression
drives subsequent ROS and G1/0 enrichment, giving rise
to the notion that the differentiation process occurs in
quantized steps distinguished by successive expression
of receptors. The segregation of the progression of RA-
induced differentiation into two identifiable steps, namely
lineage agnostic pre-commitment and then lineage specific
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commitment, was discovered earlier [8, 9]; and the notion
of two steps recurs with the finding that resistance to RA
occurred in two identifiable steps distinguishable by CD38
expression [25, 26]. In contrast to the classical transient
MAPK pathway mitogenic signaling, RA-induced
differentiation depends on sustained MAPK pathway
activation. The ability of BLR1, CD38, and CD11b to
cause MAPK pathway signaling may contribute to the
prolonged MAPK signaling associated with differentiation
as versus the transient signaling associated with
mitogenesis. Each of these receptors can cause signaling,
and their sequential expression during the process of
differentiation would ostensibly result in the appearance
of a long duration signal in RA-treated cells. Furthermore,
each of these can activate signaling molecules that are
signalsome components, e.g. BLR1 can activate RAF
and its consequential kinase cascade [24], CD38 can
also activate RAF as well as cause phosphorylation of
CBL and p85 PI3K [14], and CD11b putatively targets
SLP-76 via FAK and LYN [13]; consistent with the
suggestion that these signals sequentially contribute
to perpetuate signalsome activation in a structurally/
functionally dynamic process. A long signal originating
from this process, as in the case of RA, would ergo propel
differentiation whereas the short signal originating from
a trans-membrane receptor, as in the case of peptide
growth factors, propels mitogenesis. FGR, thus, starts this
process by binding and activating the signalsome which
results in prolonged signaling sustained by expression of
induced receptors. An obvious prediction of the current
data taken in the context of this paradigm is that RA must
be continuously present to elicit FGR expression and drive
the differentiation process, otherwise cell division will
dilute the amount of FGR per cell in daughters to levels
where it is no longer effective. Indeed, this anticipation
was realized in previous findings showing that if RA
is removed after an initial transient (24 hr) treatment,
then differentiation is arrested [8, 9], however, there is a
brief period of memory of the previous exposure so that
a subsequent RA-treatment is abbreviated for eliciting
mature cells [7], but after about two division cycles
this effect is lost. This paradigm provides mechanistic
rationalizations for previous findings and enigmas and
fundamentally expands the canonical one for how RA
works. These mechanistic insights reveal new targets for
therapeutic intervention using combination differentiation
therapy to treat diseases such as AML that are resistant to
differentiation induction monotherapy.

MATERIALS AND METHODS
Cell culture and treatments

Human myeloblastic leukemia cells (HL-60) were
grown in a humidified environment of 5% CO, at 37°C
and maintained in RPMI 1640 (Invitrogen, Carlsbad,

CA, USA) supplemented by 1% antibiotic/antimycotic
(Sigma, St. Louis, MO, USA) and 5% heat-inactivated
bovine fetal serum (Hyclone, Logan, UT, USA). At a
density of 0.1 x 10° cells/mL, experimental cultures were
initiated for lysate collection 72 hours after treatment for
all experiments. The hemocytometer and 0.2% trypan
blue (Invitrogen, Carlsbad, CA, USA) are used for the
dye exclusion assay of cell growth and viability. The
same RA (Sigma) treatment conditions (0 uM or 1 uM)
were used for all cells and lysate obtained. At least three
biological replicates of each experiment were performed.
pWZL-Neo-Myr-Flag-DEST was a gift from Jean Zhao
(Addgene plasmid # 15300; http://n2t.net/addgene:15300;
RRID: Addgene 15300) [57]. After plasmid isolation 2 x
10" plasmid copies and 4 x 10° cells in 0.4 ml of RPMI
1640 without serum were mixed together. Electroporation
was done using (Gene Pulser; Bio-Rad Laboratories,
Hercules, CA, USA) 300 V and 500 F capacitance in a
0.4-cm electrode gap cuvette. After electroporation, the
cells were cultured in a serum-supplemented medium for 2
days to allow their recovery from electroporation. All cells
were then harvested and resuspended in a fresh serum-
supplemented medium containing 1 mg/ml active G418.
The total pool of cells derived from the electroporation
was, thus, subject to selection. Pooled transfectants
were used to obviate clonal variation. By 25 days, the
transfected cells resumed growth, but at a slower rate
compared with the wild-type HL-60. After 3 weeks of
selection cultures will be amplified for one week and then
used for experiments. After thawing cryogenic-preserved
stocks, cells were subject to selection for three weeks and
then amplified for one week prior to experimental use.
The cell line, Human myeloblastic leukemia cells (HL60),
was derived from the original isolates, a generous gift of
Dr. Robert Gallagher and maintained in this laboratory,
certified and tested for mycotoxin by Biosynthesis,
Lewisville, TX, USA, in August 2017 [50].

Antibodies and reagents

Antibodies for flow cytometric analysis, PE-
conjugated CD38 (clone HIT2) and APC-conjugated
CD11b (clone ICRF44) conjugated with allophycocyanin
(APC), were from BD Biosciences (San Jose, CA, USA).
SLP-76, Lyn, Fgr, Vav1, p-tyr, HRP anti-mouse and anti-
rabbit antibodies were purchased from Cell Signaling
Technologies (Danvers, MA, USA). Anti-c-Cbl (clone
C-15, catalogue number sc-170, lot H0414) was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
NUMB Antibody catalogue number (703078) was from
Thermo Fisher Scientific (Waltham, MA, USA). The c-Raf
antibody was from BD Biosciences (San Jose, CA, USA).
Protease and phosphatase inhibitors were purchased
from Sigma (St. Louis, MO, USA). Protein G magnetic
beads used for immunoprecipitation were from Millipore
(Billerica, MA, USA).
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CD38, CD11b quantification and phenotypic
analysis

Immunostaining for CD38 and CDI11lb was
performed as previously stated [17] and fluorescence was
detected using a Becton Dickinson LSR II flow cytometer
(San Jose, CA, USA). Flow cytometric phenotypic
analysis gating for positives was set to exclude 95% of the
untreated cells in HL-60 wildtype and FGR O.E samples.

Measurement of respiratory burst (inducible
oxidative metabolism)

0.5 x 10° cells from HL-60 were harvested by
centrifugation and resuspended in PBS 200 pL with
10 uM 5-(and-6)-chloromethyl-2’,7'—containing Acetyl
ester of dichlorodihydrofluorescein diacetate (H2
-DCF, Eugene, Molecular Probes, OR) and 0.4 pg/mL
12-O-tetradecanoylphorbol-13-acetate (TPA, Sigma).
samples were incubated at 37°C in a humidified
atmosphere of 5% CO, for 20 minutes. Flow cytometric
analysis was performed (BD LSRII flow cytometer) using
488-nm laser excitation with emission collected through
a 505 long-pass filter. The fluorescence Intensity shift in
response to TPA was used to evaluate the percent of cells
with inducible generation of superoxide. Gates to assess
the percentage of positive cells were set to exclude 95
percent of the control cells that did not get TPA to cause
respiratory burst distinguishing mature cells. Samples with
or without TPA of cells that have not been RA-treated and
without TPA of RA-treated cells showed indistinguishable
DCF fluorescence histograms [10].

Cell-cycle quantification

A total of 1 x 10°¢ cells were centrifuged and
resuspended in 200 pL of cold propidium iodide (PI)
hypotonic staining solution containing 50 pg/mL of
propidium iodine, 1 pL/mL of triton X-100 and 1 mg/
mL of sodium citrate. Cells were incubated for 1 hour
at 4°C and analyzed by flow cytometry using 488-nm
excitation and emission measured with a 576/26 band-
pass filter (BD LSRII). Doublets were classified and
removed from the study by a PI signal width versus
area map [58].

Western blotting

Cell fractionation was performed with the NE-
PER kit (Pierce) in accordance with the manufacturer’s
instructions, with the addition of protease and phosphatase
inhibitors, and all lysates were stored at —80°C before
use. After lysate collection, cell debris was cleared by
centrifugation at 13,000 rpm for at least 10 minutes, and
protein concentrations were quantified using the BCA
(Pierce) assay.

For Western blotting, 25 g protein per lane was
resolved on a 12 percent polyacrylamide gel. The electro-
transfer was done at 400 mA for 1 hour. The membranes
were blocked in milk for 1 hour before adding the primary
antibody and was incubated overnight at 4°C. The images
were captured on a ChemiDoc XRS Bio-Rad Molecular
Imager and analyzed using the ImageJ program.

Densitometric values were measured for each
Western Blot band. The values were then normalized
using ImageJ to the loading control for the lane. In the bar
graphs, the lowest normalized value is arbitrarily set to one
and the values for the other bands were normalized to it
and, thus, compared to the lowest value, which is typically
the same as the untreated control, unless the signal was not
detectable in which case the lowest detectable signal was
used. Values from at least three biological repeats were
computed using GraphPad Prism 6.01 and statistically
evaluated.

Statistical analysis

The experiments were triplicate biological replicates,
and the findings are shown as mean and standard deviation
(SD). For the estimation of the difference between two
classes, a two-tailed paired #-test was used. A p-value less
than 0.05 was considered significant.

Abbreviations

AML: Acute myeloblastic leukemia; APC:
Allophycocyanin; APL: Acute promyelocytic leukemia;
c-Cbl: Casitas B-lineage Lymphoma; CD: Cluster
of differentiation; CDK: Cyclin-dependent kinases;
ERK: Extracellular Regulated MAP Kinase; FGR:
Gardner-Rasheed feline sarcoma viral (v-fgr) oncogene
homolog; GEF: Guanine nucleotide exchange factor;
IRF1: Interferon Regulatory Factor 1; MAPK: Mitogen-
activated protein kinase; MEK: Mitogen-activated protein
kinase kinase, PML: Promyelocytic Leukemia; RAF:
Rapidly Accelerated Fibrosarcoma; RAR: Retinoic acid
receptor; RARE: Retinoic acid response element; RB:
Retinoblastoma; RXR: Retinoid X receptor; SLP-76: SH2
domain containing leukocyte protein of 76kDa; SFK: Src
family kinase.

AUTHOR CONTRIBUTIONS

NK, designed, executed, and analyzed experiments,
wrote manuscript; WP, created and analyzed second FGR
stable transfectant; JY, provided guidance and editing; AY,
designed and analyzed experiments, wrote manuscript.

ACKNOWLEDGMENTS

AY is grateful for the generous support of Dr. John
Babish and Paracelsian.

www.oncotarget.com

215

Oncotarget



CONFLICTS OF INTEREST

Authors have no conflicts of interest to declare.

ETHICAL STATEMENT

No ethical approval was needed for these studies.

FUNDING

WP is in part through the Cornell-City University
Dual Degree program.

REFERENCES

1. Rhinn M, Doll¢é P. Retinoic acid signalling during
development. Development. 2012; 139:843-58. https://doi.
org/10.1242/dev.065938. [PubMed]

2. Giguere V. Retinoic acid receptors and cellular retinoid

binding proteins: complex interplay in retinoid signaling.
Endocr Rev. 1994; 15:61-79. https://doi.org/10.1210/edrv-
15-1-61. [PubMed]

3. ChenJ, Ding Z. Natural products as potential drug treatments
for acute promyelocytic leukemia. Chin Med. 2024; 19:57.
https://doi.org/10.1186/s13020-024-00928-8. [PubMed]

4.  Ghyselinck NB, Duester G. Retinoic acid signaling

pathways. Development. 2019; 146:dev167502. https://doi.
org/10.1242/dev.167502. [PubMed]

5. Breitman TR, Selonick SE, Collins SJ. Induction of
differentiation of the human promyelocytic leukemia cell
line (HL-60) by retinoic acid. Proc Natl Acad Sci U S A.
1980; 77:2936-40. https://doi.org/10.1073/pnas.77.5.2936.
[PubMed]

6. Bunaciu RP, MacDonald RJ, Gao F, Johnson LM, Varner
JD, Wang X, Nataraj S, Guzman ML, Yen A. Potential
for subsets of wt-NPM1 primary AML blasts to respond
to retinoic acid treatment. Oncotarget. 2017; 9:4134-49.
https://doi.org/10.18632/oncotarget.23642. [PubMed]

7.  Yen A, Reece SL, Albright KL. Dependence of HL-60
myeloid cell differentiation on continuous and split retinoic

acid exposures: precommitment memory associated with
altered nuclear structure. J Cell Physiol. 1984; 118:277-86.
https://doi.org/10.1002/jcp.1041180310. [PubMed]

8. YenA, Forbes M, DeGala G, Fishbaugh J. Control of HL-60
cell differentiation lineage specificity, a late event occurring
after precommitment. Cancer Res. 1987; 47:129-34.
[PubMed]

9.  Yen A, Lin DM, Lamkin TJ, Varvayanis S. retinoic acid,
bromodeoxyuridine, and the Delta 205 mutant polyoma
virus middle T antigen regulate expression levels of a
common ensemble of proteins associated with early
stages of inducing HL-60 leukemic cell differentiation. In
Vitro Cell Dev Biol Anim. 2004; 40:216-41. https://doi.
org/10.1290/1543-706X(2004)40<216:RABATM>2.0.
CO:2. [PubMed]

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Bunaciu RP, Yen A. Activation of the aryl hydrocarbon
receptor AhR Promotes retinoic acid-induced differentiation
of myeloblastic leukemia cells by restricting expression of
the stem cell transcription factor Oct4. Cancer Res. 2011;
71:2371-80. https://doi.org/10.1158/0008-5472.CAN-10-
2299. [PubMed]

Yen A, Forbes ME. c-myc down regulation and
precommitment in HL-60 cells due to bromodeoxyuridine.
Cancer Res. 1990; 50:1411-20. [PubMed]

Yen A, Roberson MS, Varvayanis S, Lee AT. Retinoic acid
induced mitogen-activated protein (MAP)/extracellular
signal-regulated kinase (ERK) kinase-dependent MAP
kinase activation needed to elicit HL-60 cell differentiation
and growth arrest. Cancer Res. 1998; 58:3163-72.
[PubMed]

Zhu K, Kazim N, Yue J, Yen A. Vacuolin-1 enhances RA-
induced differentiation of human myeloblastic leukemia
cells: evidence for involvement of a CD11b/FAK/LYN/
SLP-76 axis subject to endosomal regulation that drives late

differentiation steps. Cell Biosci. 2022; 12:179. https://doi.
org/10.1186/s13578-022-00911-6. [PubMed]

Congleton J, Shen M, MacDonald R, Malavasi F, Yen A.
Phosphorylation of ¢-Cbl and p85 PI3K driven by all-trans
retinoic acid and CD38 depends on Lyn kinase activity.
Cell Signal. 2014; 26:1589-97. https://doi.org/10.1016/].
cellsig.2014.03.021. [PubMed]

Kazim N, Yen A. Role for Fgr and Numb in retinoic

acid-induced differentiation and GO arrest of non-APL
AML cells. Oncotarget. 2021; 12:1147-64. https://doi.
org/10.18632/oncotarget.27969. [PubMed]

Congleton J, MacDonald R, Yen A. Src inhibitors, PP2
and dasatinib, increase retinoic acid-induced association
of Lyn and c-Raf (S259) and enhance MAPK-dependent
differentiation of myeloid leukemia cells. Leukemia.
2012; 26:1180-88. https://doi.org/10.1038/1eu.2011.390.
[PubMed]

Shen M, Yen A. c-Cbl interacts with CD38 and promotes
retinoic acid-induced differentiation and GO arrest of human
myeloblastic leukemia cells. Cancer Res. 2008; 68:8761-69.
https://doi.org/10.1158/0008-5472.CAN-08-1058. [PubMed]
Yen A, Varvayanis S, Smith JL, Lamkin TJ. Retinoic
acid induces expression of SLP-76: expression with

¢-FMS enhances ERK activation and retinoic acid-
induced differentiation/GO arrest of HL-60 cells. Eur J
Cell Biol. 2006; 85:117-32. https://doi.org/10.1016/].
€jcb.2005.09.020. [PubMed]

Shen M, Bunaciu RP, Congleton J, Jensen HA, Sayam

LG, Varner JD, Yen A. Interferon regulatory factor-1 binds
¢-Cbl, enhances mitogen activated protein kinase signaling
and promotes retinoic acid-induced differentiation of
HL-60 human myelo-monoblastic leukemia cells. Leuk
Lymphoma. 2011; 52:2372-79. https://doi.org/10.3109/10
428194.2011.603449. [PubMed]

Rashid A, Duan X, Gao F, Yang M, Yen A. Roscovitine
enhances all-trans retinoic acid (ATRA)-induced nuclear

www.oncotarget.com

216

Oncotarget


https://doi.org/10.1242/dev.065938
https://doi.org/10.1242/dev.065938
https://pubmed.ncbi.nlm.nih.gov/22318625/
https://doi.org/10.1210/edrv-15-1-61
https://doi.org/10.1210/edrv-15-1-61
https://pubmed.ncbi.nlm.nih.gov/8156940/
https://doi.org/10.1186/s13020-024-00928-8
https://pubmed.ncbi.nlm.nih.gov/38566147/
https://doi.org/10.1242/dev.167502
https://doi.org/10.1242/dev.167502
https://pubmed.ncbi.nlm.nih.gov/31273085/
https://doi.org/10.1073/pnas.77.5.2936
https://pubmed.ncbi.nlm.nih.gov/6930676/
https://doi.org/10.18632/oncotarget.23642
https://pubmed.ncbi.nlm.nih.gov/29423110/
https://doi.org/10.1002/jcp.1041180310
https://pubmed.ncbi.nlm.nih.gov/6583206/
https://pubmed.ncbi.nlm.nih.gov/3466687/
https://doi.org/10.1290/1543-706X(2004)40%3c216:RABATM%3e2.0.CO;2
https://doi.org/10.1290/1543-706X(2004)40%3c216:RABATM%3e2.0.CO;2
https://doi.org/10.1290/1543-706X(2004)40%3c216:RABATM%3e2.0.CO;2
https://pubmed.ncbi.nlm.nih.gov/15638704/
https://doi.org/10.1158/0008-5472.CAN-10-2299
https://doi.org/10.1158/0008-5472.CAN-10-2299
https://pubmed.ncbi.nlm.nih.gov/21262915/
https://pubmed.ncbi.nlm.nih.gov/2302706/
https://pubmed.ncbi.nlm.nih.gov/9679985/
https://doi.org/10.1186/s13578-022-00911-6
https://doi.org/10.1186/s13578-022-00911-6
https://pubmed.ncbi.nlm.nih.gov/36329484/
https://doi.org/10.1016/j.cellsig.2014.03.021
https://doi.org/10.1016/j.cellsig.2014.03.021
https://pubmed.ncbi.nlm.nih.gov/24686085/
https://doi.org/10.18632/oncotarget.27969
https://doi.org/10.18632/oncotarget.27969
https://pubmed.ncbi.nlm.nih.gov/34136084/
https://doi.org/10.1038/leu.2011.390
https://pubmed.ncbi.nlm.nih.gov/22182854/
https://doi.org/10.1158/0008-5472.CAN-08-1058
https://pubmed.ncbi.nlm.nih.gov/18974118/
https://doi.org/10.1016/j.ejcb.2005.09.020
https://doi.org/10.1016/j.ejcb.2005.09.020
https://pubmed.ncbi.nlm.nih.gov/16439309/
https://doi.org/10.3109/10428194.2011.603449
https://doi.org/10.3109/10428194.2011.603449
https://pubmed.ncbi.nlm.nih.gov/21740303/

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

enrichment of an ensemble of activated signaling molecules
and augments ATRA-induced myeloid cell differentiation.
Oncotarget. 2020; 11:1017-36. https://doi.org/10.18632/
oncotarget.27508. [PubMed]

Smith J, Bunaciu RP, Reiterer G, Coder D, George T, Asaly
M, Yen A. Retinoic acid induces nuclear accumulation
of Rafl during differentiation of HL-60 cells. Exp Cell
Res. 2009; 315:2241-48. https://doi.org/10.1016/].
yexcr.2009.03.004. [PubMed]

Geil WM, Yen A. Nuclear Raf-1 kinase regulates the
CXCRS promoter by associating with NFATc3 to drive
retinoic acid-induced leukemic cell differentiation. FEBS
J.2014; 281:1170-80. https://doi.org/10.1111/febs.12693.
[PubMed]

Battle TE, Roberson MS, Zhang T, Varvayanis S, Yen A.
Retinoic acid-induced blrl expression requires RARalpha,
RXR, and MAPK activation and uses ERK2 but not JNK/
SAPK to accelerate cell differentiation. Eur J Cell Biol.
2001; 80:59—67. https://doi.org/10.1078/0171-9335-00141.
[PubMed]

Wang J, Yen A. A MAPK-positive feedback mechanism
for BLR1 signaling propels retinoic acid-triggered
differentiation and cell cycle arrest. J Biol Chem. 2008;
283:4375-86. https://doi.org/10.1074/jbc.M708471200.
[PubMed]

Jensen HA, Bunaciu RP, Ibabao CN, Myers R, Varner JD,
Yen A. Retinoic acid therapy resistance progresses from

unilineage to bilineage in HL-60 leukemic blasts. PLoS
One. 2014; 9:€98929. https://doi.org/10.1371/journal.
pone.0098929. [PubMed]

Jensen HA, Styskal LE, Tasseff R, Bunaciu RP, Congleton
J, Varner JD, Yen A. The Src-family kinase inhibitor PP2
rescues inducible differentiation events in emergent retinoic

acid-resistant myeloblastic leukemia cells. PLoS One. 2013;
8:¢58621. https://doi.org/10.1371/journal.pone.0058621.
[PubMed]

Shen K, Moroco JA, Patel RK, Shi H, Engen JR, Dorman
HR, Smithgall TE. The Src family kinase Fgr is a
transforming oncoprotein that functions independently
of SH3-SH2 domain regulation. Sci Signal. 2018;
11:eaat5916. https://doi.org/10.1126/scisignal.aat5916.
[PubMed]

Welch H, Maridonneau-Parini I. Lyn and Fgr are activated

in distinct membrane fractions of human granulocytic cells.
Oncogene. 1997; 15:2021-29. https://doi.org/10.1038/
sj.onc.1201356. [PubMed]

Lee JH, Kim JW, Kim DK, Kim HS, Park HJ, Park DK,
Kim AR, Kim B, Beaven MA, Park KL, Kim YM, Choi
WS. The Src family kinase Fgr is critical for activation

of mast cells and IgE-mediated anaphylaxis in mice. J
Immunol. 2011; 187:1807-15. https://doi.org/10.4049/
jimmunol.1100296. [PubMed]

Faulkner L, Patel M, Brickell PM, Katz DR. The role of
the Fgr tyrosine kinase in the control of the adhesive
properties of U937 monoblastoid cells and their derivatives.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Immunology. 1997; 92:519-26. https://doi.org/10.1046/
j.1365-2567.1997.00367.x. [PubMed]

Sartor O, Moriuchi R, Sameshima JH, Severino M, Gutkind
JS, Robbins KC. Diverse biologic properties imparted by
the c-fgr proto-oncogene. J Biol Chem. 1992; 267:3460-65.
[PubMed]

Notario V, Gutkind JS, Imaizumi M, Katamine S, Robbins
KC. Expression of the fgr protooncogene product as a

function of myelomonocytic cell maturation. J Cell Biol.
1989; 109:3129-36. https://doi.org/10.1083/jcb.109.6.3129.
[PubMed]

Zhang X, Simerly C, Hartnett C, Schatten G, Smithgall
TE. Src-family tyrosine kinase activities are essential

for differentiation of human embryonic stem cells. Stem
Cell Res. 2014; 13:379-89. https://doi.org/10.1016/].
s¢r.2014.09.007. [PubMed]

Diop A, Santorelli D, Malagrind F, Nardella C,
Pennacchietti V, Pagano L, Marcocci L, Pietrangeli P,
Gianni S, Toto A. SH2 Domains: Folding, Binding and
Therapeutical Approaches. Int J Mol Sci. 2022; 23:15944.
https://doi.org/10.3390/ijms232415944. [PubMed]

Ortiz MA, Mikhailova T, Li X, Porter BA, Bah A, Kotula
L. Src family kinases, adaptor proteins and the actin

cytoskeleton in epithelial-to-mesenchymal transition. Cell
Commun Signal. 2021; 19:67. https://doi.org/10.1186/
$12964-021-00750-x. [PubMed]

Luo J, Zou H, Guo Y, Tong T, Ye L, Zhu C, Deng L, Wang
B, Pan Y, Li P. SRC kinase-mediated signaling pathways

and targeted therapies in breast cancer. Breast Cancer Res.
2022; 24:99. https://doi.org/10.1186/s13058-022-01596-y.
[PubMed]

Abe K, Cox A, Takamatsu N, Velez G, Laxer RM, Tse SML,
Mahajan VB, Bassuk AG, Fuchs H, Ferguson PJ, Hrabe de
Angelis M. Gain-of-function mutations in a member of the

Src family kinases cause autoinflammatory bone disease
in mice and humans. Proc Natl Acad Sci U S A. 2019;
116:11872-77. https://doi.org/10.1073/pnas.1819825116.
[PubMed]

Buitrago L, Langdon WY, Sanjay A, Kunapuli SP. Tyrosine
phosphorylated c-Cbl regulates platelet functional responses
mediated by outside-in signaling. Blood. 2011; 118:5631—
40. https://doi.org/10.1182/blood-2011-01-328807.
[PubMed]

Zhang J, Chiang YJ, Hodes RJ, Siraganian RP. Inactivation
of ¢c-Cbl or Cbl-b differentially affects signaling from the
high affinity IgE receptor. J Immunol. 2004; 173:1811-18.
https://doi.org/10.4049/jimmunol.173.3.1811. [PubMed]
Nguyen LK, Kolch W, Kholodenko BN. When
ubiquitination meets phosphorylation: a systems biology
perspective of EGFR/MAPK  signalling. Cell Commun
Signal. 2013; 11:52.  https://doi.org/10.1186/1478-
811X-11-52. [PubMed]

Iriyama N, Yuan B, Hatta Y, Takagi N, Takei M. Lyn, a
tyrosine kinase closely linked to the differentiation status

of primary acute myeloid leukemia blasts, associates

www.oncotarget.com

217

Oncotarget


https://doi.org/10.18632/oncotarget.27508
https://doi.org/10.18632/oncotarget.27508
https://pubmed.ncbi.nlm.nih.gov/32256976/
https://doi.org/10.1016/j.yexcr.2009.03.004
https://doi.org/10.1016/j.yexcr.2009.03.004
https://pubmed.ncbi.nlm.nih.gov/19298812/
https://doi.org/10.1111/febs.12693
https://pubmed.ncbi.nlm.nih.gov/24330068/
https://doi.org/10.1078/0171-9335-00141
https://pubmed.ncbi.nlm.nih.gov/11211936/
https://doi.org/10.1074/jbc.M708471200
https://pubmed.ncbi.nlm.nih.gov/18006504/
https://doi.org/10.1371/journal.pone.0098929
https://doi.org/10.1371/journal.pone.0098929
https://pubmed.ncbi.nlm.nih.gov/24922062/
https://doi.org/10.1371/journal.pone.0058621
https://pubmed.ncbi.nlm.nih.gov/23554907/
https://doi.org/10.1126/scisignal.aat5916
https://pubmed.ncbi.nlm.nih.gov/30352950/
https://doi.org/10.1038/sj.onc.1201356
https://doi.org/10.1038/sj.onc.1201356
https://pubmed.ncbi.nlm.nih.gov/9366519/
https://doi.org/10.4049/jimmunol.1100296
https://doi.org/10.4049/jimmunol.1100296
https://pubmed.ncbi.nlm.nih.gov/21746961/
https://doi.org/10.1046/j.1365-2567.1997.00367.x
https://doi.org/10.1046/j.1365-2567.1997.00367.x
https://pubmed.ncbi.nlm.nih.gov/9497494/
https://pubmed.ncbi.nlm.nih.gov/1737799/
https://doi.org/10.1083/jcb.109.6.3129
https://pubmed.ncbi.nlm.nih.gov/2687293/
https://doi.org/10.1016/j.scr.2014.09.007
https://doi.org/10.1016/j.scr.2014.09.007
https://pubmed.ncbi.nlm.nih.gov/25305536/
https://doi.org/10.3390/ijms232415944
https://pubmed.ncbi.nlm.nih.gov/36555586/
https://doi.org/10.1186/s12964-021-00750-x
https://doi.org/10.1186/s12964-021-00750-x
https://pubmed.ncbi.nlm.nih.gov/34193161/
https://doi.org/10.1186/s13058-022-01596-y
https://pubmed.ncbi.nlm.nih.gov/36581908/
https://doi.org/10.1073/pnas.1819825116
https://pubmed.ncbi.nlm.nih.gov/31138708/
https://doi.org/10.1182/blood-2011-01-328807
https://pubmed.ncbi.nlm.nih.gov/21967979/
https://doi.org/10.4049/jimmunol.173.3.1811
https://pubmed.ncbi.nlm.nih.gov/15265912/
https://doi.org/10.1186/1478-811X-11-52
https://doi.org/10.1186/1478-811X-11-52
https://pubmed.ncbi.nlm.nih.gov/23902637/

42.

43.

44,

45.

46.

47.

48.

49.

50.

with negative regulation of all-trans retinoic acid (ATRA)
and dihydroxyvitamin D3 (VD3)-induced HL-60 cells
differentiation. Cancer Cell Int. 2016; 16:37. https://doi.
org/10.1186/s12935-016-0314-5. [PubMed]

Rashid A, Duan X, Gao F, Yang M, Yen A. Roscovitine
enhances All-trans retinoic acid (ATRA)-induced leukemia
cell differentiation: Novel effects on signaling molecules
for a putative Cdk?2 inhibitor. Cell Signal. 2020; 71:109555.
https://doi.org/10.1016/j.cellsig.2020.109555. [PubMed]

Kazim N, Yen A. Evidence of off-target effects of bosutinib
that promote retinoic acid-induced differentiation of non-
APL AML cells. Cell Cycle. 2021; 20:2638-51. https://doi.
org/10.1080/15384101.2021.2005275. [PubMed]

Draut H, Liebenstein T, Begemann G. New Insights into
the Control of Cell Fate Choices and Differentiation by
Retinoic Acid in Cranial, Axial and Caudal Structures.
Biomolecules. 2019; 9:860. https://doi.org/10.3390/
biom9120860. [PubMed]

Lavudi K, Nuguri SM, Olverson Z, Dhanabalan AK,
Patnaik S, Kokkanti RR. Targeting the retinoic acid
signaling pathway as a modern precision therapy against
cancers. Front Cell Dev Biol. 2023; 11:1254612. https://doi.
org/10.3389/fcell.2023.1254612. [PubMed]

de Thé H. Differentiation therapy revisited. Nat Rev Cancer.
2018; 18:117-27. https://doi.org/10.1038/nrc.2017.103.
[PubMed]

Carroll M. Understanding how retinoic acid derivatives

induce differentiation in non-M3 acute myelogeneous
leukemia. Haematologica. 2021; 106:927-28. https://doi.
org/10.3324/haematol.2020.275412. [PubMed]

Dembitz V, Lalic H, Tomic B, Smoljo T, Batinic J,
Dubravcic K, Batinic D, Bedalov A, Visnjic D. All-
trans retinoic acid induces differentiation in primary
acute myeloid leukemia blasts carrying an inversion of
chromosome 16. Int J Hematol. 2022; 115:43-53. https://
doi.org/10.1007/s12185-021-03224-5. [PubMed]

Mollinedo F, Santos-Beneit AM, Gajate C. The Human
Leukemia Cell Line HL-60 as a Cell Culture Model
To Study Neutrophil Functions and Inflammatory Cell

Responses. In: Clynes M, editor. Animal Cell Culture
Techniques. Berlin, Heidelberg: Springer Berlin Heidelberg;
1998; 264-97. https://doi.org/10.1007/978-3-642-80412-
0_16.

Gallagher R, Collins S, Trujillo J, McCredie K, Ahearn M,
Tsai S, Metzgar R, Aulakh G, Ting R, Ruscetti F, Gallo R.

51.

52.

53.

54.

55.

56.

57.

58.

Characterization of the continuous, differentiating myeloid
cell line (HL-60) from a patient with acute promyelocytic
leukemia. Blood. 1979; 54:713-33. [PubMed]

Lu H, Weng XQ, Sheng Y, Wu J, Xi HM, Cai X.
Combination of midostaurin and ATRA exerts dose-
dependent dual effects on acute myeloid leukemia cells
with wild type FLT3. BMC Cancer. 2022; 22:749. https://
doi.org/10.1186/s12885-022-09828-2. [PubMed]

Yang S, Hu C, Chen X, Tang Y, Li J, Yang H, Yang Y,
Ying B, Xiao X, Li SZ, Gu L, Zhu Y. Crosstalk between
metabolism and cell death in tumorigenesis. Mol Cancer.
2024; 23:71. https://doi.org/10.1186/s12943-024-01977-1.
[PubMed]

Kishimoto H, Hoshino S, Ohori M, Kontani K, Nishina
H, Suzawa M, Kato S, Katada T. Molecular mechanism

of human CD38 gene expression by retinoic acid.
Identification of retinoic acid response element in the first
intron. J Biol Chem. 1998; 273:15429-34. https://doi.
org/10.1074/jbe.273.25.15429. [PubMed]

Wang J, Yen A. A novel retinoic acid-responsive element
regulates retinoic acid-induced BLR1 expression. Mol
Cell Biol. 2004; 24:2423-43. https://doi.org/10.1128/
MCB.24.6.2423-2443.2004. [PubMed]

Houlard M, Arudchandran R, Regnier-Ricard F, Germani
A, Gisselbrecht S, Blank U, Rivera J, Varin-Blank N. Vav1
is a component of transcriptionally active complexes.
J Exp Med. 2002; 195:1115-27. https://doi.org/10.1084/
jem.20011701. [PubMed]

Takahashi A, Obata Y, Fukumoto Y, Nakayama Y,
Kasahara K, Kuga T, Higashiyama Y, Saito T, Yokoyama

KK, Yamaguchi N. Nuclear localization of Src-family
tyrosine kinases is required for growth factor-induced
euchromatinization. Exp Cell Res. 2009; 315:1117-41.
https://doi.org/10.1016/j.yexcr.2009.02.010. [PubMed]

Boehm JS, Zhao JJ, Yao J, Kim SY, Firestein R, Dunn IF,
Sjostrom SK, Garraway LA, Weremowicz S, Richardson
AL, Greulich H, Stewart CJ, Mulvey LA, et al. Integrative
genomic approaches identify IKBKE as a breast
cancer oncogene. Cell. 2007; 129:1065-79. https://doi.
org/10.1016/j.cell.2007.03.052. [PubMed]

Reiterer G, Yen A. Inhibition of the janus kinase family
172
phosphorylation and causes endoreduplication. Cancer
Res. 2006; 66:9083—89. https://doi.org/10.1158/0008-5472.
CAN-06-0972. [PubMed]

increases extracellular signal-regulated kinase

www.oncotarget.com

218

Oncotarget


https://doi.org/10.1186/s12935-016-0314-5
https://doi.org/10.1186/s12935-016-0314-5
https://pubmed.ncbi.nlm.nih.gov/27182202/
https://doi.org/10.1016/j.cellsig.2020.109555
https://pubmed.ncbi.nlm.nih.gov/32032659/
https://doi.org/10.1080/15384101.2021.2005275
https://doi.org/10.1080/15384101.2021.2005275
https://pubmed.ncbi.nlm.nih.gov/34836491/
https://doi.org/10.3390/biom9120860
https://doi.org/10.3390/biom9120860
https://pubmed.ncbi.nlm.nih.gov/31835881/
https://doi.org/10.3389/fcell.2023.1254612
https://doi.org/10.3389/fcell.2023.1254612
https://pubmed.ncbi.nlm.nih.gov/37645246/
https://doi.org/10.1038/nrc.2017.103
https://pubmed.ncbi.nlm.nih.gov/29192213/
https://doi.org/10.3324/haematol.2020.275412
https://doi.org/10.3324/haematol.2020.275412
https://pubmed.ncbi.nlm.nih.gov/33538154/
https://doi.org/10.1007/s12185-021-03224-5
https://doi.org/10.1007/s12185-021-03224-5
https://pubmed.ncbi.nlm.nih.gov/34546543/
https://doi.org/10.1007/978-3-642-80412-0_16
https://doi.org/10.1007/978-3-642-80412-0_16
https://pubmed.ncbi.nlm.nih.gov/288488/
https://doi.org/10.1186/s12885-022-09828-2
https://doi.org/10.1186/s12885-022-09828-2
https://pubmed.ncbi.nlm.nih.gov/35810308/
https://doi.org/10.1186/s12943-024-01977-1
https://pubmed.ncbi.nlm.nih.gov/38575922/
https://doi.org/10.1074/jbc.273.25.15429
https://doi.org/10.1074/jbc.273.25.15429
https://pubmed.ncbi.nlm.nih.gov/9624127/
https://doi.org/10.1128/MCB.24.6.2423-2443.2004
https://doi.org/10.1128/MCB.24.6.2423-2443.2004
https://pubmed.ncbi.nlm.nih.gov/14993281/
https://doi.org/10.1084/jem.20011701
https://doi.org/10.1084/jem.20011701
https://pubmed.ncbi.nlm.nih.gov/11994417/
https://doi.org/10.1016/j.yexcr.2009.02.010
https://pubmed.ncbi.nlm.nih.gov/19245808/
https://doi.org/10.1016/j.cell.2007.03.052
https://doi.org/10.1016/j.cell.2007.03.052
https://pubmed.ncbi.nlm.nih.gov/17574021/
https://doi.org/10.1158/0008-5472.CAN-06-0972
https://doi.org/10.1158/0008-5472.CAN-06-0972
https://pubmed.ncbi.nlm.nih.gov/16982750/

