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Abstract

All-trans retinoic acid (ATRA) is an anti-cancer differentiation therapy agent effective for acute
promyelocytic leukemia (APL) but not acute myeloid leukemia (AML) in general. Using the
HL-60 human non-APL AML model where ATRA causes nuclear enrichment of c-Raf that drives
differentiation and G1/GO cell cycle arrest, we now observe that c-Raf in the nucleus showed novel
interactions with several prominent regulators of the cell cycle and cell differentiation. One is
cyclin-dependent kinase 2 (Cdk2). ATRA treatment caused c-Raf to dissociate from Cdk2. This
was associated with enhanced binding of Cdk2 with retinoic acid receptor a (RARa). Consistent
with this novel Raf/CDK2/RARa axis contributing to differentiation, CD38 expression per cell,
which is transcriptionally regulated by a retinoic acid response element (RARE), is enhanced. The
RB tumor suppressor, a fundamental regulator of G1 cell cycle progression or arrest, was also
targeted by c-Raf in the nucleus. RB and specifically the S608 phosphorylated form (pS608RB)
complexed with c-Raf. ATRA treatment induced S608RB-hypophosphorylation associated with
G1/GO cell cycle arrest and release of c-Raf from RB. We also found that nuclear c-Raf interacted
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with SMARCD1, a pioneering component of the SWI/SNF chromatin remodeling complex. ATRA
treatment diminished the amount of this protein bound to c-Raf. The data suggest that ATRA
treatment to HL-60 human cells re-directed c-Raf from its historically pro-proliferation functions
in the cytoplasm to pro-differentiation functions in the nucleus.
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Introduction:

Acute promyelocytic leukemia (APL) is a hematological malignancy that is the M3 subtype
of acute myelocytic leukemia (AML) in the French-American-British (FAB) classification
system [1, 2]. It accounts for approximately 10% of all cases of AML in adults [3]. APL

is cytogenetically characterized by a t(15;17) fusion gene, promyelocytic leukemia-specific
retinoic acid receptor alpha (PML-RARa), that blocks transcriptional activation by RARa
and arrests granulocyte maturation [4]. It is associated with >98% of APL cases [5]. While
APL is susceptible to ATRA based differentiation therapy, most AML are not and remain
largely incurable. The human leukemia HL-60 cell line model was established from the
peripheral blood leukocytes of a patient diagnosed with acute promyelocytic leukemia
(FAB M3) [6] that was retrospectively re-evaluated as a myeloblastic leukemia (FAB

M2) and more recently found to represent a hitherto uncharacterized subtype of ATRA
responsive AML [7]. HL-60 is ergo a unique model for molecular mechanistic studies of
ATRA-induced differentiation of a non-APL AML. It has the potential to reveal how a
non-APL AML can be made to differentiate in response to ATRA. It has been an archetype
model for studying differentiation induction therapy [8,9].

Although conventional chemotherapy with cytotoxic drugs has been largely unsuccessful
for non-APL AML, all-#rans retinoic acid (ATRA), a metabolite of vitamin A, could
cause a high rate of APL clinical remission by inducing degradation of the PML-RARa
fusion protein and the maturation of myeloblasts [10,11]. In this differentiation induction
therapy, ATRA acts through binding and activation of two nuclear receptors (NRs),

the retinoic acid receptor (RAR) and/or retinoid X receptor (RXR), to transcriptionally
regulate target genes with promoters harboring retinoic acid response elements (RARE)
[12]. However, transcriptional activation depends on other signaling pathways, notably
the mitogen-activated protein kinase (MAPK) pathway that incorporates the Raf/Mek/Erk
axis, which are needed to enable RARES to respond to ATRA [13]. It is thought that
MAPK pathway activation provides the signal that enables RARE to respond to ATRA [14].
Targeted promoters are thus acting as signal integrators.

Raf kinase regulates a wide range of physiological responses required for cell proliferation,
differentiation, cell death and survival, metabolism and motility [15,16]. In the classical
growth factor driven MAPK pathway, stimulation of receptor tyrosine kinases at the cell
surface activates a guanine nucleotide exchange factor, stimulating the Ras GTPase, through
the exchange of GDP to GTP, which recruits and activates Raf at the plasma membrane.
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The activated Raf phosphorylates and activates Mek, which phosphorylates and activates
Erk, which ultimately activates transcription factors leading to mitogenesis [17,18]. The
kinetics of the signal determines the cellular outcome. A fast, transient signal is associated
with mitogenesis, whereas a slow, long-lasting signal is seminal to differentiation. In the
HL-60 non-APL AML model, ATRA-induced myeloid cell differentiation depends on
sustained MAPK pathway activation associated with the up-regulation and unanticipated
translocation of c-Raf to the nucleus [19,20,21]. c-Raf in the nucleus targets and activates
NFATc3 to promote transcription of genes necessary for differentiation [13]. c-Raf thus has
potential targets other than the traditional Mek kinase and its novel nuclear functions may
be important to driving differentiation. An important question is whether this is a one off
occurrence or reflects a wider basic phenomenon. The targets of nuclear c-Raf and the web
of pathways affected are thus of significant interest.

In the nucleus, c-Raf also interacts with the RB tumor suppressor protein [22]. In vitro, it
has been reported that RB can be a phosphorylation substrate for Raf-1 [23]. RB governs
cell cycle progression by controlling the amount of available E2F, a transcription factor
driving G1 to S progression. RB hyperphosphorylation and particularly phosphorylation

at serine 608 induces a conformational change that releases E2F sequestered on RB to
transcriptionally activate genes that are needed to drive cells beyond the Restriction Point,

a G1 cell cycle check point, to S phase [24,25]. ATRA causes RB hypophosphorylation to
sequester E2F and block entrance into S phase [26]. Another target of c-Raf in the nucleus
is GSK3, a serine threonine kinase, known from pharmacological inhibitor studies to cause
diminished RARa transcriptional activity [27]. Nuclear c-Raf increases the phosphorylation
at the inhibitory serine-9 and 21 of GSK-3, which dissociates GSK3 from RARa and
promotes myeloid cell differentiation in ATRA-treated HL-60 cells [22]. Nuclear c-Raf
thus appears to target prominent regulators of proliferation/arrest and differentiation. This
motivates interest in identifying nuclear c-Raf targets and gaining insight into emerging anti-
proliferation/pro-differentiation nuclear regulatory pathways governed by ATRA-induced
nuclear enrichment of c-Raf.

In this study, we aimed to identify novel c-Raf nuclear partners which have a potential role
in ATRA-induced HL-60 human myeloblastic leukemia cell differentiation. We ectopically
expressed Flag-c-Raf in HEK293T cells and then purified Flag protein was used to troll
extracts from HL-60 cells that were either treated or untreated with ATRA.

Mass spectrometry was used to identify the partners of the Flag tagged c-Raf. A number of
c-Raf-partner pairs that were ATRA-regulated were identified, and the most prominent and
novel candidate parings were tested by immunoprecipitation for confirmation and further
study. ATRA induced the enhanced expression of c-Raf in the nucleus and regulated

its interaction with several prominent cell cycle/differentiation regulatory proteins, such

as Cdk2, RB and SMARCD1. For Cdk2, ATRA treatment diminished the amount of

Cdkz2 interacting with c-Raf. This was associated with enhanced Cdk?2 interaction with
RARa. The enhanced Cdk2 interaction with RARa was associated with the enhanced
expression of the CD38 cell surface receptor per cell. For RB, ATRA decreased the amount
of RB, specifically pS608RB, bound to c-Raf, which was associated with the loss of
pS608 phosphorylation and G1/G0 cell cycle arrest. Nuclear c-Raf also interacted with
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a pioneering component of the SWI/SNF chromatin remodeling complex, SMARCD1;

and ATRA treatment diminished the amount of this protein bound to c-Raf. Freed from
these arguably pro-proliferation targets, c-Raf could target pro-differentiation targets such as
NFATc3 to enable RARE activation as previously reported as a prototype of this paradigm
[13]. Our data suggest that ATRA has re-directed the pro-proliferation functions of c-Raf in
the cytoplasm to pro-differentiation functions in the nucleus. Our result suggests new targets
of susceptibility for therapeutic intervention to enhance the efficiency of all-#rans retinoic
acid differentiation therapy in AML patients.

Materials and methods:

Cell culture

Human myeloblastic leukemia cells (HL-60) were grown in a humidified atmosphere of

5% CO, at 37°C and maintained in RPMI 1640 medium (Invitrogen, Carlsbad, CA)
supplemented with 5% fetal bovine serum (Invitrogen, Carlsbad, CA) and 1% antibiotic
antimycotic (Thermo Fisher Scientific, Waltham, MA). The experimental cultures were
initiated at a cell density of 0.1x10° cells/ml. Human embryonic kidney cells, i.e. HEK293T
and transformed HEK293T-c-Raf-flag, were grown in Dulbecco’s Modified Eagle Medium
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA) and 1% antibiotic-antimycotic (Thermo Fisher Scientific, Waltham, MA)

in a 5% CO, humidified atmosphere at 37°C. Cell growth and viability was monitored with
a hemocytometer and 0.2% trypan blue (Invitrogen, Carlsbad, CA) exclusion assay. All-trans
retinoic acid (ATRA) (Sigma, St. Louis, MO) was dissolved in 100% ethanol with a stock
concentration of 5 mM and used at a final concentration of 1 pM as previously described
[28].

Antibodies and reagents

Antibodies for flow cytometric analysis of CD38 and CD11b conjugated with either
phycoerythrin (PE) or allophycocyanin (APC) were obtained from BD Biosciences (San
Jose, CA). Antibodies for Western blotting including TBP, RB, RARa, GAPDH, CD11b,
HRP anti-mouse and anti-rabbit were from Cell Signaling (Danvers, MA). Anti-flag M2
antibody was from Sigma (St. Louis, MO). CD38, c-Raf and BAF60a (SMARCD1)

were purchased from BD Biosciences (San Jose, CA). Cdk2, Phospho-Cdk2 (T160),
Phospho-Cdk2 (Y15) and Phospho-RB (S608) were from AbCam (Cambridge, MA).
Mek1/2 antibody was provided by Santa Cruz Biotechnology (CA, USA). Protein G
magnetic beads used for immunoprecipitation were from Millipore (Billerica, MA). M-PER
Mammalian protein, NE-PER Nuclear and cytoplasmic extraction reagents were from Pierce
Biotechnology (Thermo Scientific, Rockford, IL). Bovine serum albumin (BSA), Nonidet
P40 (NP-40), Triton X-100, protease and phosphatase inhibitors were purchased from Sigma
(St. Louis, MO).

Construction of the recombinant plasmids

Gateway entry vector (pENTR1A-Flag-His-N2) and destination vector (pLenti-CMV-Puro-
Dest, Addgene #17452) were used for construction of plasmid. c-Raf primers were designed
by adding a CAGGTACC overhang (KPN1) at the 5” end and GTGGATCCC overhang
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(BamHl) at the 3’ end of the forward and reverse primers, respectively. For generation

of pENTR1A-c-Raf-Flag-His, the coding sequence (CDS) of c-Raf gene (Accession No:
NM_001354689.1) was amplified from HL-60 cells by conventional PCR with a pair of
primers mentioned in Tab.1. Amplified PCR products were cloned into entry vector and then
recombined into destination vector that carried the desired back bone and drug selection
marker. To produce the lentiviral particles, packaging plasmid i.e. psPAX2 (Addgene #
12260) and envelope plasmid i.e. pMD2.G (Addgene # 12259) were used.

Virus preparation and transduction

Lentiviral particles were produced using 2.5 pug of pMD2.g, 7.5 ug of psPAX2, and 10 g
of CMV-c-Raf-Flag-His plasmid. HEK293T cells were co-transfected with these plasmids at
roughly 50-60% confluence in 10 cm cell culture dishes with DMEM and 10% FBS using
polyethylenimine (PEI) (Sigma, St. Louis, MO) according to the manufacturer’s protocol.
After 48 h, media containing viral particles was collected and 5 mL of additional media
was added to the dish for 24 h until final collection. Total lentiviral media was concentrated
using Amicon Ultra (Millipore, Billerica, MA) centrifugal filters. Concentrated viral media
was stored at —80°C until use. Lentivirus particles were transduced into HEK293T cells in
a six-well plate. 100 L concentrated viral particles was added to 5 x 104 cells in 1 mL
DMEM with 10% heat inactivated FBS. After 72 h, transduced cells were trypsinized and
cultured in DMEM with 10% heat inactivated FBS and selected for 3 weeks in 3 pg/mL
puromycin.

Recombinant proteins and trolling

To extract the c-Raf-Flag protein, transfected cells were lysed in lysis buffer (50 mM
HEPES, pH 7.4, 150 mM NaCl, 10% glycerol, ImM EDTA, pH 8.0, 1% NP-40)
supplemented with 1/100 volume of protease and phosphatase inhibitors (Sigma, St. Louis,
MO) and clarified through centrifugation at 14,800 rpm (10 min at 4°C). Trolling procedure
was adapted from Shen et a/. [29] with some modifications. Briefly, 2 mg of extracted c-Raf
Flag protein was immunoprecipitated with anti-flag M2 Affinity Gel (Sigma, St. Louis,
MO). The pulldown samples were extensively washed in lysis buffer, LM NaCl and 0.1%
NP-40, to remove proteins that interacted with recombinant c-Raf Flag protein. Samples
were either used immediately or frozen at —80°C until required.

HL-60 cells were either untreated or ATRA-treated for 72 h, and total cell lysates were
prepared as described by Martin et a/. [30]. Briefly, 8 x 106 cells were washed twice
with phosphate-buffered saline (PBS), pH 7.2, followed by a single wash with 10 ml of
cell extraction buffer (CEB). Cells were pelleted, the supernatant aspirated, and the cells
were then transferred to a 2 ml glass Dounce homogenizer in the remaining droplet of
buffer. Cells were then allowed to swell by addition of an equal volume of CEB to the
volume occupied by the packed cell pellet followed by incubation on ice for 20 minutes.
Cells were gently lysed with 20 strokes of a B-type pestle (Dounce homogenizer) and
lysis was monitored by staining a small aliquot of the lysate with 0.2% trypan blue
(Invitrogen, Carlsbad, CA) which was examined using a light microscope. The lysate was
then transferred to a 1 ml Eppendorf tube and centrifuged at 4°C for 20 min at 14,800
rpm. The clear supernatant was carefully removed and then diluted to 7.5-15 mg/ml with
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extraction dilution buffer (EDB; 10 mM HEPES, 50 mM NaCl, 2 mM MgCI2, 5 mM EGTA,
1 mM DTT). Extracts were either used immediately or frozen at —80°C for later use.

Total cell lysates from HL-60 cells, either treated with ATRA or untreated, were incubated
overnight with Flag protein extracts from HEK293T-c-Raf-Flag cells. As a control,
HEK293T cells were also trolled.

LC-MS/MS analysis

After 24 h of incubation, samples were washed with 50 mM ammonium bicarbonate, pH
8.0, subsequently resuspended in 500 ng trypsin and incubated at 37°C for 4-6 h. Samples
were centrifuged, and supernatants were collected. 250 ng trypsin was further added to
supernatant and incubated overnight at 37°C. On the next day, samples were acidified with
50% formic acid and vacuum dried. Lyophilized sample was resuspended in 20 pL buffer
A (0.1% formic acid and 3% acetonitrile in water) and stored at =80 °C until required.

All samples (either ATRA treated or untreated) were analyzed using a Q Exactive HF

mass spectrometer (Thermo Scientific, Rockford, IL) to identify putative c-Raf partners.
LC-MS/MS analysis was adapted from Wang et a/. [31]. Briefly, upon desalting by C18
stage-tips, the obtained peptides were reconstituted in 20 pl of 0.1% formic acid and
separated by an Easy-nLC 1200 system coupled to a Q Exactive HF mass spectrometer
(Thermo Scientific, Rockford, IL). 1 pl peptides were injected and analyzed on a reverse
phase C18 column (75 um i.d. x 15 cm, 3 um particle size) at a flow rate of 250 nL/min.
Mobile phase A (0.1% formic acid in ultrapure water) with an eluting buffer as mobile
phase B (0.1% formic acid in 80% acetonitrile) was used to establish a linear 50-min
gradient of 7-25% buffer B. Peptides were then ionized by electrospray at 1.5 kV. The mass
spectrometer was operated in positive ion mode acquiring at a resolution of 120,000, with
a full MS spectrum (m/z = 350-1800) using an automatic gain control (AGC) target of 3

x 108. The 12 most intense ions were selected for higher-energy collisional dissociation
(HCD) fragmentation (normalized collision energy 27) and MS/MS spectra were generated
with an AGC target of 1 x 10° at a resolution of 30,000. The dynamic exclusion time was set
to 30 s.

Database analysis

The raw data were created by XCalibur 4.0.27 software (Thermo Scientific, Rockford,

IL) and processed with Proteome Discoverer (PD) software suite 2.1 (Thermo Scientific,
Rockford, IL), against Uniprot human protein database in Sequest HT node. The precursor
and fragment mass tolerances were set to 10 ppm and 0.02 Da, respectively.

Reversed database searches were used to evaluate false discovery rate (FDR) of peptide
and protein identifications. The maximum of two missed cleavage sites of trypsin was
allowed. Carbamidomethylation (C) was set as a static modification, and oxidation (M) and
acetyl (protein N-terminal) were set as variable modifications. False discovery rate (FDR)
of peptide spectrum matches (PSMs) and peptide identification were determined using the
percolator algorithm at 1% based on g-value.
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Western blotting and immunoprecipitation

Immunoprecipitation followed by Western blot experiments were performed to validate the
mass spectrometry data. For this, HL-60 cells were either untreated or treated with ATRA
for 72 h and then washed and pelleted. Nuclear and cytoplasmic protein fractions were made
with NE-PER extraction kit (Thermo Scientific, Rockford, IL) following the manufacturer’s
instruction with the addition of protease and phosphatase inhibitors. The purity of the
nuclear and cytoplasmic fractionations was assessed using clathrin as a cytoplasmic marker
and TATA binding protein (TBP) as a nuclear marker. The nuclear fractions used were
verified as TBP positive and clathrin negative by Western blotting. Protein concentration was
determined using the Pierce BCA protein assay (Thermo Scientific, Rockford, IL) according
to the manufacturer’s protocol. For immunoprecipitation experiments, equal amounts of
protein were pre-cleared with PureProteome protein G magnetic beads (Millipore, Billerica,
MA) and then incubated overnight with beads and appropriate antibodies. Bead/antibody/
protein slurries were then washed and subjected to standard SDS-PAGE analysis. For
Western blotting, 25 pg of protein was resolved by SDS-PAGE using 12% polyacrylamide
gel. The electrotransfer was done onto a P\VDF membrane (Millipore, Billerica, MA) at 400
mA.

The membranes were blocked in dry nonfat milk before being incubated with the indicated
primary antibody overnight at 4°C. Images were captured on a Bio-Rad ChemiDoc XRS
Molecular Imager. Band density was determined using Image J and normalized to the
loading control of the lane. For scaling in the bar graphs, the lowest normalized value is
arbitrarily set to one and the values for other bands normalized to that and shown relative to
the lowest value, which was typically the untreated control unless there was no detectable
signal then the lowest detectable signal was used. When normalized values diverge with
statistical significance, namely p less than or equal to 0.05, in the blots, then they are shown.
However, all trends shown in the representative blot and the bar graphs synopsizing repeats,
are reproducible; nevertheless western blotting is not strictly quantitative and the variation
in amplitude for blot to blot repeats of expression level of the same molecule can have
variability so that the number of repeats did not achieve a p less than or equal to 0.05. The
values from at least three biological repeats were tabulated and statistically evaluated using
GraphPad Prism 6.01.

Flow cytometric phenotypic analysis

Expression of cell surface differentiation markers was quantified by flow cytometry (Becton
Dickinson LSR I flow cytometer) (San Jose, CA). 0.5 x 10 cells were harvested by
centrifugation at 700 rpm for 5 minutes. Pelleted cells were resuspended in 200 uL PBS
containing 2.5 pL of phycoerythrin (PE)-conjugated anti-CD38 and allophycocyanin (APC)-
conjugated anti-CD11b antibodies. Following incubation for 1h at 37°C, cells were analyzed
by flow cytometry. Gates to determine the percentage of positive cells were set to exclude
95% of control cells. Cell cycle analysis was performed as previously described (32).
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Statistical analysis

Experiments were biological replicates in triplicate, and the results are shown as mean with
standard deviation (SD). A multiple t-test using the Holm-Sidak method was used assess
differences between groups. A p value less than 0.05 was considered significant.

Results:

c-Raf cloning and expression in HEK293T cells

A vector expressing the Flag-tagged c-Raf trolling protein was generated. A Flag-tagged
c-Raf cDNA expression vector was constructed and ectopically expressed in HEK293T
cells. Conventional PCR amplification of coding sequence (CDS) of c-Raf from HL-60

cells was performed with primers given in Tab.1. The product was 1947 bp consistent with
the expected molecular mass of c-Raf (Fig. 1A). A KPNI and BAMHI restriction digest
yielded appropriate 2420 bp and 1947 bp fragments (Fig. 1B). Colony PCR and DNA
Sanger sequencing further confirmed the correct plasmid construction (data not shown). We
then constructed a pLenti-CMV-c-Raf-flag plasmid using gateway recombination cloning kit
(Invitrogen, Carlsbad, CA), and expressed it in HEK293T cells.

HEK?293T-c-Raf-Flag cells were collected for Western blot analysis following 48 h of virus
transduction and 72 h of puromycin selection. As shown in Fig. 1C, recombinant cells
showed significantly increased levels of flag expression, while untransfected parental cells
showed no flag expression.

c-Raf partners identified by Flag-c-Raf trolling and mass spectrometry

Lysates from HL-60 cells that were either untreated or treated with ATRA were incubated
with the recombinant Flag-tagged c-Raf. To test the trolling, the anticipated binding of c-Raf
and Mek was confirmed. Mek1/2 immunoprecipitated with c-Raf (Fig. 2). This verified
that the trolling detected c-Raf partners as c-Raf kinase is known to complex with Mek1/2
[33]. After validation, mass spectrometry was used to detect c-Raf partners complexed to
flag tagged c-Raf after trolling cell extracts from HL-60 cells that were either untreated

or ATRA-treated. After screening using a Venn diagram tool for partners expressed in
ATRA-treated cells, we found 19 potential c-Raf partners that were regulated during ATRA
treatment. Tab. 2 shows the results. Three partners with substantively higher scores than

the rest were selected for further study. These candidates were cycle-dependent kinase 2
(Cdk2), retinoblastoma-associated protein (RB1), and SWI/SNF-related matrix-associated
actin-dependent regulator of chromatin subfamily D member 1 (SMARCD?1). Each of these
has historically been implicated with regulation of cell proliferation and differentiation.
Interestingly, the fourth highest scoring candidate was histone H3, and H3K9ac expression
has recently been implicated as promoting proliferation and inhibiting differentiation in
non-APL AML (including HL-60) cells [34]. While we did not further pursue histone H3
here, the report is consistent with the notion proposed here that nuclear Raf targets are of
importance.
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Novel c-Raf-Cdk2 interaction in nucleus and its role in ATRA induced myeloid cell
differentiation

Pursuing the c-Raf/Cdk2 and Cdk2/RARa interactions, we first detected the expression of
these molecules in ATRA treated or untreated cells using Western blotting. After 72 h of
ATRA treatment, we collected nuclear cell lysates and analyzed the expression of c-Raf,
total Cdk2, phospho-Y15Cdk2 and phospho-T160Cdk2 by Western blot. ATRA-treated cells
showed enhancement of c-Raf expression (Fig. 3A). We also found that ATRA treatment led
to ~50% decrease in the amount of nuclear cyclin E1 and Cdk2 with concomitant decreases
in the Cdk2 kinase phosphorylated at both activating T160 and inhibitory Y15 sites (Fig.
3B-E). The p27 Kip1l cyclin dependent kinase inhibitor (CDKI) was also likewise analyzed.
Western blot analysis showed an increase in p27 Kipl protein at 72 h of ATRA treatment.
(Fig. 3F). These results indicate that ATRA treatment affects regulatory molecules that
control G1/GO cell cycle arrest (Fig. 4H shows flow cytometric DNA histograms confirming
that these changes are associated with the anticipated G1/0 arrest at 72 h. The observed
ATRA driven reduction in cyclin E1 and Cdk2 levels may contribute to increased p27Kipl
stability since cyclin E-CDK2 complexes can target p27Kipl for degradation through
phosphorylation of Thr187 (47,48). We also found that ATRA enhances the expression of
RARa protein, a known driver of ATRA-induced differentiation (Fig. 3G, Fig. 3H shows the
TBP control).

Using immunoprecipitation, we found that ATRA regulated a novel interaction of c-Raf
with Cdk2 in the nucleus. Immunoprecipitation using c-Raf as bait was done with nuclear
lysate from ATRA-treated and untreated cells and probed for Cdk2. This revealed a
c-Raf-Cdk2 interaction. ATRA reduced the amount of c-Raf/Cdk2 complex. The c-Raf
complexed with both pY15Cdk2 and pT160Cdk2, the former being canonically associated
with Cdk2 inhibition and the latter activation. ATRA-induced decrease in the amount of
c-Raf/Cdk2, c-Raf/pY15Cdk2 and c-Raf/pT160Cdk2 complexes. This occurred with the
reduction in nuclear Cdk2. (Fig. 3I-K, Fig. 3L verifies anticipated presence of the Raf bait
control). We also found that the ATRA-induced decrease in the amount of Cdk2 bound to
c-Raf was associated with an increase in amount of Cdk2 bound to retinoic acid receptor
alpha (RARa). We performed co-immunoprecipitation using Cdk2-specific antibody in both
ATRA-treated and untreated cells and probed for RARa. ATRA enhanced the amount of
Cdk2 bound to RARa. Thus, ATRA treatment caused c-Raf in the nucleus to dissociate
from Cdk2, and this was associated with enhanced binding of Cdk2 with RARa (Fig. 3M &
N).

We sought evidence of increased expression of RARa target genes associated with

the increase in bound Cdk2. CD38 is one of the earliest characterized ATRA-induced
differentiation antigens, and its expression propels differentiation [35,36,37]. Expression of
CD38 is dependent on RARa acting through a RARE in the promoter of the gene [38].

We thus use it here as an endogenous promoter-reporter for RARE activation. We measured
the expression of the CD38 membrane protein in untreated and ATRA-treated cells. ATRA
increased the amount of CD38 expressed (Fig. 30). The expression of CD38 significantly
differed (p=0.0002) between the control and ATRA-treated group by flow cytometry (Fig.
3R). To explore another potential endogenous promoter—reporter gene [39], we measured
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the expression of CD11b, a later differentiation marker of progressive ATRA-induced
differentiation, and we found that ATRA also increased the amount of CD11b expression
by Western blot and flow cytometry (p=0.013) (Fig. 3P and S. Fig. 3Q is the GAPDH
loading control). This result is consistent with the predicted increased transcription driven
by enhanced RARa activity. The data support the role of the Raf/Cdk2/RARa axis for
promoting ATRA-induced differentiation.

Role of the c-Raf-RB interaction in ATRA-induced differentiation and G1/GO arrest

We sought to confirm and expand the observation of the interaction of c-Raf and

RB detected by mass spectrometry using immunoprecipitation. We first established the
expression of c-Raf, RB, and pS608 RB, the hinge region phosphorylation that betrays

E2F dissociation, in the nucleus of ATRA treated or untreated cells using Western blotting.
Nuclear lysates were isolated from cells that were untreated or ATRA-treated for 72 h. We
reported that ATRA-induced differentiation is driven by a sustained activation of MAPK
signal associated with the unanticipated enrichment of c-Raf in the nucleus detected by
imaging cytometry [19,20,21]. After 72 h of ATRA treatment, Western blotting results
showed that there was more c-Raf in the nucleus (Fig. 4A). At the same time ATRA

caused downregulation of total RB and diminished the amount of pS608-RB (Fig. 4B &

C. Fig. 4D is the nuclear loading control.). Immunoprecipitation of c-Raf followed by
immunoblotting showed that nuclear c-Raf complexed with RB and specifically with pS608
RB. ATRA treatment reduced the amount of RB and pS608 RB bound with c-Raf (Fig.
4E-G). This ATRA-induced reduction in c-Raf bound to RB and RB hypo-phosphorylation
[28] is associated with cell cycle arrest as shown by flow cytometric DNA histograms

(Fig. 4H). Hence it appears that the ATRA-induced liberation of Raf sequestered on RB
associated with cell cycle arrest frees more c-Raf for the pro-differentiation targets indicated
above.

Nuclear c-Raf interacts with SWI/SNF complex protein SMARCD1

We sought confirmation of the novel ATRA-regulated c-Raf interaction with SMARCDL in
the nucleus detected by mass spectrometry using co-immunoprecipitation. SMARCD1 is the
pioneering subunit of the SWI/SNF chromatin remodeling machine. SMARCD1 regulates
the transcriptional activation or repression of cellular genes by chromatin remodeling [40].
Cells were untreated or ATRA-treated for 72 h and nuclear lysates were generated. Western
blotting showed a slight, but not significant, downregulation of SMARCDL in response to
ATRA. (Fig. 5A. Fig. 5B is the TBP nuclear protein loading control). Immunoprecipitation
revealed that nuclear c-Raf complexed with SMARCD1. ATRA diminished the interaction
of SMARCD1 and c-Raf in the nucleus (Fig. 5¢ & D). Hence c-Raf interacted with another
prominent cell cycle regulator and that interaction was ATRA-regulated. The SWI/SNF
machine is known to bind RB [41], too, suggesting that c-Raf is interacting with prominent
components of chromatin that govern cell cycle and differentiation.

Discussion:

All-trans retinoic acid therapy has been used successfully in the treatment of the APL
subtype of AML but has been largely unsuccessful for AML in general. Combination
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therapy has been considered an option to make differentiation therapy a reality for these
other AML and the cases of resistance in APL. Combination therapy, however, requires
mechanistic insight into targets that could be therapeutically exploited with ATRA. Around
90% of newly diagnosed APL patients achieve complete remission with differentiation
therapy using ATRA [42,43]. However, 10% of the patients develop resistance to treatment
and have been unresponsive to ATRA. Here, we attempted to increase our understanding

of signaling related to the novel finding of c-Raf in the nucleus. In ATRA treated HL-60
AML cells, nuclear c-Raf was enriched and interacted with several novel partners. We

have reported that nuclear c-Raf targets potentially significant regulatory proteins, namely
retinoblastoma (RB), NFATc3 and GSK-3, which regulate the transcription of various genes
and play a pivotal role in driving differentiation [13,22,44]. Knowing there were such
targets made it important to illuminate pathways that were implicated, and we undertook a
search for the rest of the partners to identify and characterize these new nuclear regulatory
pathways. We expressed a c-Raf-flag protein in HEK293T stable transfectants, extracted
the recombinant protein and trolled lysates from HL-60 cells that were either treated or
untreated with ATRA. Mass spectrometry was then used to identify the c-Raf partners. After
screening using Venn analysis software for partners expressed in ATRA-treated cells that
were also ATRA regulated, we found 19 potential c-Raf partners that were regulated during
ATRA treatment. The highest ranked of these nuclear c-Raf partners, cyclin-dependent
kinase 2 (Cdk2), Retinoblastoma protein 1 (RB1), and SWI/SNF related, matrix associated,
actin dependent regulator of chromatin, subfamily d, member 1 (SMARCDY), were selected
for further studies to see if these have roles in ATRA-induced myeloid cell differentiation.

These nuclear c-Raf targets are functionally related. Cdk2 is activated by Cyclin E in the
Cyclin E-Cdk2 complex to drive the G1/S transition of the cell cycle by controlling RB
phosphorylation in a classical paradigm of cell cycle regulation. G1/GO cell cycle arrest
involves the coordinate regulation of signals that negatively control cell cycle machinery
and inhibit the G1/S transition. Growth arrest associated with cell differentiation could ergo
be driven by several mechanisms including the downregulation of cyclins or upregulation
of cyclin-dependent kinase inhibitors (CKIs) or both [45]. ATRA causes G1/G0 cell

cycle arrest of HL-60 AML cells [28,46] and the present study shows that this reflects
reduced levels of cyclin E1, down-regulation of CDK2, pY15CDK2 and pT160CDK2 and
dephosphorylation of RB tumor suppressor protein. Expression of p27 Kipl also increased
in cells treated with ATRA. The reduction in cyclin E1 levels likely contributes to increased
p27 Kipl stability after ATRA treatment because cyclin E-CDK2 complexes can target

p27 Kipl for degradation through phosphorylation on Thrl87 [47,48]. An increase in
hypophosphorylated RB protein seen in cells treated with ATRA, was seen too for RARa
plus RXR selective non-metabolizable retinoids, pointing to the significance of RARa as a
driver of ATRA-induced differentiation [28]. We observe that this hypophosphorylation is
associated with loss of pS608-RB. During cell cycle progression, cyclin E-CDK2 complexes
phosphorylate RB protein late in the G1 phase, thereby preventing E2F binding [49,50].
Hypophosphorylated RB protein could potentially prevent entry into S phase and establish
an irreversible cell cycle exit in the terminally differentiated cells [45]. This result relates to
the earlier data above to suggest that c-Raf mediates a coupling between growth arrest and
differentiation. c-Raf bound the S608 phosphorylated RB, which does not bind the G1-S cell
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cycle promoting transcription factor E2F. ATRA-induced upregulation of p27 Kipl CDKI
with downregulation of Cdk2 culminating in loss of pS608 RB causes RB to sequester E2F
and divorce sequestered c-Raf. This frees the c-Raf in the nucleus from sequestration by

RB and changes stoichiometry to favor other targets such as those that drive differentiation,
for example NFATc3 [13]. Our data now suggest that ATRA also uses c-Raf to regulate
differentiation via Cdk2. We found a novel c-Raf-Cdk2 (pY15Cdk2 and pT160Cdk2)
complex in the nucleus which diminished after ATRA treatment. Phosphorylation at Y15 is
associated with Cdk2 inhibition while phosphorylation at T160 is associated with activation,
hence it is enigmatic that ATRA caused downregulation of both forms. Immunoprecipitation
showed that ATRA treatment causes c-Raf bound to Cdk2 to divorce. More Cdk2 becomes
available for binding to RARa,, and more targets of RARa regulation increase expression.
At the same time, c-Raf freed from the arguably pro-proliferation target (Cdk2) and target
pro-differentiation targets such as NFATc3 to enable RARE activation [13]. Hence ATRA
results in c-Raf shifting from pro-proliferation to pro-differentiation partners. An emerging
prominent nuclear function of c-Raf appears to be to enable RARa to work better to drive
differentiation.

SMARCDL! (also known as BAF60a), a member of SWI/SNF (switch/sucrose non-
fermentable) chromatin remodeling complex family, has been known to interact with
transcription factors, including RB, to govern changes in local chromatin structure

and transcriptional activation [51]. Our finding revealed c-Raf in the nucleus interacts
with SWI/SNF complex protein SMARCD1. ATRA treatment dissociated the interaction
between c-Raf and SMARCD1. SMARCDLA recruits various transcription factors (TFs)

to the SWI/SNF chromatin remodeling complex [52,53,54]. c-Raf in the nucleus thus
interacts with a group of associated regulatory molecules that control cell proliferation and
differentiation.

In conclusion, the current study showed that ATRA induces the enrichment of c-Raf in

the nucleus where it regulates the interaction with several targets that have prominent roles
in controlling cell cycle and differentiation (Fig. 6). We found evidence suggesting new
nuclear signaling pathways that use traditionally cytoplasmic signaling molecules imported
to the nucleus by ATRA. One is a novel nuclear Raf/Cdk2/RARa axis. These novel nuclear
pathways illuminate novel targets for therapeutic intervention in cancer differentiation
therapy.
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Fig. 1.

Gel electrophoresis results of c-Raf cloning. (A) PCR amplification of c-Raf, (B) restriction
enzyme digestion of c-Raf cloned plasmid, (C) Flag expression in lysate of HEK293T-c-Raf-

Flag cells by Western blot.
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Fig. 2.
Co-immunoprecipitation followed by Western blot validation of the trolling. c-Raf-Flag was

pulled down from HEK293T-c-Raf-flag recombinant cells lysates and used to troll either
ATRA treated or untreated HL-60 cells. The pull down partners were resolved by Western
blotting and probed for MEK1/2.
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Fig. 3.

ATRA induced modulation of nuclear molecules in wild-type HL-60 cells. A. Western blot
of c-Raf in HL-60 cells cultured with ATRA for 72 h showed that ATRA upregulated
nuclear c-Raf. B-E. Western blots of nuclear lysate from control and ATRA-treated cells
show that ATRA treatment led to decrease in the amount of cyclin E1 and Cdk2 with

its phospho residues, pY15CDK2 and pT160CDK2. F. ATRA upregulates the CDKI
p27Kipl to promote G1/GO arrest. Western blots of nuclear lysate show that ATRA
upregulates the p27Kipl. G. Western blot of nuclear lysate showing that ATRA enhanced the
amount of the nuclear RARa protein. H. TATA binding protein (TBP) was the loading
control. I-L. Co-immunoprecipitation results show the ATRA-induced decrease in the
amount of nuclear c-Raf-Cdk2, c-Raf-Y15Cdk2 and c-Raf-T160Cdk2 complexes. M-N.
Co-immunoprecipitation show that ATRA increased the amount of Cdk2 bound to RARa..
CDK?2 was immunoprecipitation bait and blot of immunoprecipitate was probed for RARa
and CDK2, control to confirm CDK2 immunoprecipitated. O & P. ATRA-treated cells
showed enrichment of CD38 and CD11b expression by Western blot. Q. GAPDH loading
control. R & S. ATRA treatment enhanced median CD38 and CD11b expression per cell.
Median expression of CD38 and CD11b per cell was assessed by flow cytometry at 72 h

in untreated control and ATRA-treated HL-60 cells. Bar graph of median CD38 and CD11b
expression per cell showing that ATRA treated cells significantly increases expression per
cell of CD38 and CD11b (*p< 0.05). All experiments shown are representative of three
replicates.
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Fig. 4.

A'IqRA treatment enhances the cell cycle arrest at G1/GO by modulating the nuclear
molecules. A. Western blot of c-Raf in HL-60 cells cultured with ATRA for 72 h showed
that ATRA upregulated c-Raf compared to control. B & C. ATRA downregulates total RB
and pS608 phosphorylated RB. D. TATA binding protein (TBP) is the loading control.

E-G. Immunoprecipitation results showed that ATRA induced downregulation of the amount
of nuclear c-Raf complexed with RB and specifically with its serine 608 phosphorylated
form (pS608 RB). Using untreated and ATRA-treated cells, an equal amount of pre-cleared
nuclear lysates collected 72 h post treatment were incubated overnight with 2.5 ug of

the precipitating antibody with magnetic beads and resolved on 12 % polyacrylamide

gels. Blots were probed for RB, pS608 RB and c-Raf, control to confirm that c-Raf
immunoprecipitated. H. Cell cycle distribution at 72 h showing the percentage of cells in
G1/G0, S and G2/M was analyzed using flow cytometry with propidium iodide staining.
ATRA induced G1/GO cell cycle arrest betrayed by relative increase in G1/0 cells in treated
(right) compared to untreated control (left) cells. All experiments shown are representative
of three replicates.
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Fig. 5.

Nuclear c-Raf interacts with SWI/SNF complex protein, SMARCD1. A. Western blots of
nuclear lysate showed that ATRA diminished SMARCD1 level slightly. B. TATA binding
protein (TBP) was the loading control. C & D. Co-immunoprecipitation results show that
ATRA diminished nuclear c-Raf interaction with SMARCD1 protein. An equal amount

of pre-cleared nuclear lysate collected after 72 h of ATRA treatment were incubated
overnight with 2.5 g of the precipitating antibody with magnetic beads and resolved on
12% polyacrylamide gels. Blots were probed for SMARCD1 and c-Raf, control to confirm
c-Raf was immunoprecipitated.
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Schematic diagram of ATRA-induced nuclear translocation of c-Raf and its interaction with

prominent regulators of cell proliferation/arrest and differentiation.

Exp Cell Res. Author manuscript; available in PMC 2023 November 17.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Rashid et al.

Tab. 1.

Oligonucleotide primers for amplification of c-Raf cDNA.

Gene Target Primer Sequence TM (°C) | CDS (bp)
c-Raf (F) CAGGTACCATGGAGCACATACAGGGAGCT
c-Raf (R) | GTGGATCCCGAAGACAGGCAGCCTCGGGGA 61 1947

Exp Cell Res. Author manuscript; available in PMC 2023 November 17.
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Mass spectrometry data showed the putative partners of c-Raf that were ATRA regulated. Lysate from
untreated and ATRA treated cells were trolled with Flag tagged c-Raf and analyzed by LC-MS/MS.

Tab.2:

import inner

Exp Cell Res. Author manuscript; available in PMC 2023 November 17.

Sr. | Protein AN Gene ¥ Average | Intracellular
No. Uniprot Score localization,
Sequest Uniprot
H-?: database
Sequest annotation
HT
1. Cyclin-dependent P24941 CDK2 12.35 Cytoplasm,
kinase 2 Cytoskeleton,
Endosome,
Nucleus
2. Retinoblastoma- P06400 RB1 7.665 Nucleus
associated protein
3. SWI/SNF-related Q96GM5 | SMARCD1 7.655 Nucleus
matrix-associated
actin-dependent
regulator of
chromatin
subfamily D
member 1
4, Histone H3.1 P68431 HIST1IH3A 7.22 Chromosome,
Nucleosome
core, Nucleus
5. Serine/threonine- Q8TF05 PPP4R1 5.27 Cytoplasm,
protein Nucleus
phosphatase 4
regulatory subunit
1
6. RNA helicase 060306 AQR 4.95 Nucleus,
aquarius Spliceosome
7. Methylthioribose-1- | Q9BV20 | MRI1 4.325 Cell projection,
phosphate Cytoplasm,
isomeras Nucleus
8. Proliferating cell P12004 PCNA 4.07 Nucleus
nuclear antigen
9. Sorting nexin-3 060493 SNX3 3.6 Cytoplasmic
vesicle,
Endosome
10. Rho GTPase- Q53QZ3 | ARHGAP15 | 3.35 Cytoplasm,
activating protein Membrane
15
11. Integrator complex Q75QN2 | INTS8 3.05 Nucleus
subunit 8
12. | Vacuolar protein 075351 VPS4B 2.85 Endosome,
sorting-associated Membrane
protein 4B
13. | WDA40 repeat- Q2TAY7 | SMU1l 2.635 Cytoplasm,
containing Nucleus
protein SMU1
14. | Schlafen family Q7Z7L1 SLFN11 2.345 Chromosome,
member 11 Nucleus
15. | Tyrosine--tRNA P54577 YARS 1.83 Cytoplasm
ligase, cytoplasmic
16. Mitochondrial Q9Y5L4 | TIMM13 1.415 Membrane,

Mitochondrion,
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Sr. | Protein AN Gene ¥ Average | Intracellular
No. Uniprot Score localization,
Sequest Uniprot
H-?: database
Sequest annotation
HT
membrane Mitochondrion
translocase subunit inner
Tim13 membrane
17. | AT-rich interactive Q68CP9 ARID2 1.215 Nucleus
domain-containing
protein 2
18. | Nuclear cap- Q09161 NCBP1 1.08 Cytoplasm,
binding protein Nucleus
subunit 1
19. | Neuropathy target Q8lY17 PNPLAG 0.99 Endoplasmic
esterase reticulum,
Extracellular,
Cytoskeleton

iScore Sequest HT- It is the sum of the scores of the individual peptides from the Sequest HT search

Exp Cell Res. Author manuscript; available in PMC 2023 November 17.
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