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INTRODUCTION

Autologous Hematopoietic cell transplantation
(HCT) is used as a therapeutic approach for a variety of
malignant and non-malignant blood diseases, including
multiple myeloma (MM) [1]. The goal of autologous
HCT is to reestablish hematopoiesis and reconstitute
the immune system with “self” hematopoietic stem and
progenitor cells (HSPCs) after the patient has received
irradiation and/or chemotherapy to eliminate malignant
cells and all normal hematopoietic elements. Engraftment
of platelets and neutrophils is a critical event in HCT,
with the time required for successful engraftment usual-
ly extending 10-21 days after HCT. Shortening the time
required for platelet and neutrophil engraftment allows
for shorter recovery times for the hospitalized patient and
faster discharge to an outpatient setting.

The small GTPases RaplA and RaplB are major
regulators of cell adhesion and migration [2-7] and are
likely to participate in hematopoietic stem/progenitor
cell (HSPC) engraftment [7-9]. These small GTPases
promote both integrin-mediated adhesion [10-15] and
cadherin-mediated adhesion [16-18], which can have
varying effects on cell migration. RaplA and RaplB
control the adhesion and migration of progenitor cells
such as megakaryocytes [10,13,19,20], as well as ma-
ture platelets [5,13-15,19-21] and neutrophils [22,23],
and are reported to participate in hematopoiesis [7,8].
Interestingly, Rap1B plays a greater role than RaplA in
platelet adhesion [13,14], indicating that platelet engraft-
ment potentially may be regulated more by Rap1B than
by RaplA. Due to these important functions of RaplA
and Rap1B, the signaling events that regulate Rapl A and
Rap1B activity during HCT may impact engraftment.

Signaling by B-adrenergic receptors regulates the
participation of Rap1 A and Rap1B in a variety of cellular
responses, including cell adhesion and migration [23-27].
The activities of RaplA and Rap1B are increased when
B-adrenergic receptors transiently activate the guanine
nucleotide exchange factor EPAC [22]. The activation of
RaplA and Rap1B by EPAC enhances their participation
in cell adhesion and migration [11,12,22,28,29]. In con-
trast to these transient effects of B-adrenergic signaling,
prolonged activation of f-adrenergic receptors can inhibit
RaplA and RaplB activity due to reduced prenylation,
which is a post-translational modification needed for these
small GTPases to be active [26,27]. Reduced prenylation
diminishes the participation of Rap1 A and Rap1B in cell-
cell adhesion, which can alter cell migration [26,27,30].
B-adrenergic signaling occurs in platelets and neutrophils
[31-35] and has multiple roles in hematopoiesis [36-39].
Based on these properties of P-adrenergic receptors,
B-adrenergic signaling may modulate Rap1A and Rap1B
functions during HCT, but in currently unclear ways.

Elevated stress activates B-adrenergic receptors due
to the release of norepinephrine from sympathetic neu-
rons [40,41], and is often experienced by HCT recipients,
which can result in both transient and sustained -adren-
ergic signaling in tissues innervated by the sympathetic
nervous system (SNS). Sympathetic neurons innervate
the HSPC niche in the BM [38,42] and norepinephrine
released by sympathetic neurons regulates HSPC traffick-
ing, engraftment, and hematopoiesis [43-45]. Stress-asso-
ciated social health risk factors are related to both adverse
biology [46-50] and increased mortality following HCT
[51,52]. Stress-associated adverse gene expression pat-
terns are independently associated with increased relapse
and decreased disease-free survival following allogeneic
HCT [46,49]. The impact of SNS activity on hematopoi-
etic stem cell biology in patients undergoing HCT may be
particularly detrimental in the peri-transplantation period
[53,54]. We previously reported that blockade of f-adren-
ergic receptors with propranolol improves engraftment in
MM patients undergoing autologous HCT [50], but the
roles of Rap1 A and Rap1B in this response have not been
examined.

The primary objective of this study was to compare
the participation of RaplA and RaplB in platelet and
neutrophil engraftment in MM patients undergoing autol-
ogous HCT and to examine potential changes in the small
GTPases induced by propranolol treatment. Secondary
objectives included evaluating whether stress-associated
social health risk factors — including anxiety, depression,
lower education, and income — would alter RaplA and
Rap1B expression. The individual contribution of Rap1A
versus Rap1B in HCT has not been previously defined,
in part because antibodies that specifically detect Rapl A
versus RaplB have not been well characterized. We
screened a panel of commercial antibodies to identify
specific antibodies that detect only Rapl1A or Rap1B. We
used these specific antibodies in immunoblots to assess
total levels of the small GTPases and their prenylation
status in the fraction of platelets and polymorphonuclear
cells (collectively referred to as polymorphonuclear cells,
PMNC) isolated from patients undergoing HCT, some of
whom were treated with propranolol.

METHODS

Study Design and Propranolol Treatment

This study was a single site, phase II randomized
controlled trial of propranolol administration to indi-
viduals undergoing first autologous HCT for MM. The
primary aim of the parent trial was to assess whether
B-blocker administration to individuals undergoing HCT
reduces CTRA gene expression and myeloid lineage bias,
thus facilitating hematopoietic recovery and improved
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long-term outcomes [50]. Propranolol was chosen as the
preferred B-blocker given it is cost-effective, is the most
studied nonselective B-blocker [55], has a safe side-effect
profile, has no significant drug interactions with other
drugs used in autologous HCT for MM, and has been
shown to prevent tumor progression in vitro as compared
to selective B-antagonists [56,57].

The intervention group received 20 mg of pro-
pranolol orally twice daily (bid) starting at 7 + 2 days
before transplant (baseline) and continuing until Day
+28 post-transplant. Propranolol was started 7 + 2 days
prior to HCT based on mouse model data demonstrating
effective blocking of tumor B-adrenergic signaling and
progression 8 days prior to exogenous stress exposure
[58,59]. Propranolol dosing was chosen by applying
human dose-finding studies to the serum propranolol
concentrations needed to diminish the adverse effects
of B-adrenergic signaling on tumor progression in mice
[60,61]. Drug dosing was adjusted after one week based
on patient tolerability as assessed by the Principal Inves-
tigator, treating HCT physician, and study coordinator.
Propranolol dosing was increased to 40 mg bid after one
week if participants were tolerating the medication and
not experiencing any side effects. If participants were
able to tolerate propranolol with noticeable but less
severe side effects, they were maintained at 20 mg bid
for the remainder of the study. Patients were weaned off
propranolol at the time of study completion or prior to
completion if they exhibited drug intolerance secondary
to side effects and/or new medical symptoms that result-
ed in a contraindication to -blocker therapy. Additional
details regarding study drug disbursement, monitoring,
follow-up study schedule, and assessment time points
were described previously [48].

Participant Population and Monitoring

Participants selected for this study were between
the ages of 18-75 years old with MM undergoing their
first autologous HCT as shown in Knight et al. Table 1
[50]. Further eligibility, randomization, and exclusion
criteria are detailed in Knight et al. [48]. The following
baseline demographic data was collected prior to study
commencement: age, gender, race, income status, and
education, detailed in Knight et al. Table 1 [50]. The
Hospital Anxiety and Depression Scale (HADS) was col-
lected weekly in coordination with B-blocker assessments
to monitor for the possible adverse effect of depression
in the setting of propranolol administration. Scores of 8
or above on HADS-A (7 items) and HADS-D (7 items)
connoted significant anxiety or depression, respectively;
19 patients scoring in these ranges were contacted by the
study PI and offered a referral for further mental health
care.

Identification of Specific Rap1A and Rap1B
Antibodies

Immunoblotting was used to screen nine commercial
antibodies for reactivity with RaplA and RaplB, using
lysates prepared from cells overexpressing the small
GTPases. The lysates were generated by transfecting
HEK293T human embryonic kidney cells with the pcD-
NA3.1 expression vector encoding one of the following:
1) human RaplA, 2) human RaplB, 3) myc-RaplA,
which is human RaplA with an N-terminal myc epi-
tope tag, 4) myc-Rap1B, which is human RaplB with
an N-terminal myc epitope tag, 5) myc-RaplA-SAAX,
which is myc-RaplA that cannot be prenylated because
the cysteine at aal81 is mutated to serine, or 6) myc-
Rap1B-SAAX, which is myc-Rapl1B that cannot be
prenylated because the cysteine at aal81 is mutated to
serine. As a negative control, HEK293T cells were trans-
fected only with the pcDNA 3.1 vector. After transfection
of the cDNAs using Lipofectamine 2000 (ThermoFish-
er, Waltham, MA, USA), the cells were cultured for 18
hours in complete medium consisting of DMEM with
10% heat-inactivated fetal bovine serum and antibiotics.
In some cases, 15 uM mevastatin (Sigma, St. Louis, MO,
USA) was added to the cell cultures 90 minutes after
transfection of the cDNAs to prevent the expressed small
GTPases from becoming prenylated. The cells were lysed
in Triton-X100/SDS lysis buffer, and the cell lysates were
subjected to SDS-PAGE, followed by transfer of the
proteins to PVDF as previously described [26,27]. The
PVDF membranes were immunoblotted using our previ-
ously reported methods [26,27] to test the reactivity of
the nine commercial RaplA and Rap1B antibodies de-
scribed in Figure 2. Among the nine antibodies that were
tested, a mouse monoclonal antibody that specifically
detects RaplA (Santa Cruz catalog number sc-398755)
and a rabbit monoclonal antibody that specifically detects
Rap1B (Cell Signaling catalog number 2326) were used
for the analysis of the patients’ samples. Prior testing re-
vealed that these antibodies do not differentiate between
the phosphorylated and non-phosphorylated forms of
Rap1 [30].

Collection of Patients’ PMNC and Immunoblotting

A clinical research coordinator drew 8 ml of blood
from each patient at each of the three time points in the
study: 7 + 2 days before HCT (baseline), 2 days before
HCT (Day -2), and 28 days after HCT (Day +28). Among
the 12 patients receiving propranolol, treatment with pro-
pranolol was initiated immediately after the first blood
draw at the baseline collection period. The blood samples
were collected in a BD Vacutainer CPT Tube with Sodi-
um Citrate (Fisher Scientific Cat. No. 02-685-125). The
tubes were centrifuged according to the manufacturer’s
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Figure 1. Specificity of commercial antibodies for Rap1A and Rap1B. HEK293T cells were transfected with the
indicated cDNAs expressing wildtype or mutant forms of Rap1A or Rap1B. Control cells were transfected with the cDNA
vector. The cells were treated with 15 mM mevastatin (Meyv, lanes 2, 6, and 10) to inhibit prenylation, or they were un-
treated (lanes 1, 3-5, and 7-9). Cell lysates were immunoblotted with the indicated commercial antibodies to Rap1. All
immunoblots are shown at the same exposure. Results are representative of at least three independent experiments

conducted for each antibody.

protocol to generate a buffy layer containing mononucle-
ar cells and platelets (referred to as polymorphonuclear
cells, PMNC). The PMNC were lysed in Triton-X100/
SDS lysis buffer, and protein concentration was deter-
mined using the Pierce BCA Assay Kit (Pierce Cat. No
23225). For immunoblotting analysis, 20 pg of protein
from each PMNC lysate was run on a 10% SDS-PAGE
gel, transferred to PVDF, and blotted with antibodies
that specifically detect Rap 1A (Santa Cruz catalog
number sc-398755) or Rap 1B (Cell Signaling catalog
number 2326). Digital imaging was performed on a GE

ImageQuant LAS 4000 digital imager and densitometry
determined using GE ImageQuant TL image analysis
software.

Rap1 Analysis and Clinical Outcomes

Comparisons were made using the densitometry val-
ues of the prenylated and non-prenylated forms of RaplA
and Rap1B detected in the immunoblots of the patients’
PMNC collected at baseline, Day -2, and Day +28. To-
tal RaplA and RaplB levels were log-transformed for
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Figure 2. Antibodies that selectively react with either Rap1A or Rap1B exhibit similar abilities to detect the
prenylated and non-prenylated forms of the small GTPases. HEK293T cells were treated with 15 mM mevastatin
for 18 hours (even numbered lanes) or left untreated (odd numbered lanes). Cell lysates were immunoblotted using the
Rap1A-selective antibody (Santa Cruz, sc-3987455; top panel) or the Rap1B-selective antibody (Cell Signaling, 2326;
bottom panel). The prenylated and non-prenylated forms of the small GTPases were detected by their differences in
migration. Both immunoblots are shown at the same exposure. Results are representative of at least three independent

experiments conducted for each antibody.

analyses to better focus on multiplicative effects (which
correspond to additive effects on the log scale) and sta-
bilize the variability with varying means. Mixed effects
regression analyses were performed to explore the effects
of B-blocker therapy (propranolol vs. control groups)
on total levels of RaplA and RapIB at each time point.
The cross-sectional correlation between log-transformed
RaplA and RaplB was quantified by Pearson’s correla-
tion coefficient. Mixed effects regression models were
also used to explore the relationship between RaplA and
Rap1B at these three time points and the patient social
health risk factors — including anxiety, depression, low-
er education, and income. Cox regression models were
performed to assess the relationship between log-trans-
formed baseline Rap1A or Rap1B expression and platelet
or neutrophil engraftment time. Time to neutrophil and
platelet engraftment were defined as the first day of ab-
solute neutrophil count (ANC) > 0.5 x 10°/L and platelet
count of >20 x 10°L sustained for three consecutive
assessments at least one day apart, hereafter referred to
as platelet engraftment as per standard clinical nomen-
clature.

RESULTS

Participant Enrollment, Demographics, and
Adverse Events

There were 154 patients who met initial criteria of
having a planned first autologous transplant for MM,
with a final total enrollment of 25 participants who met
eligibility criteria (12 in the propranolol group, 13 in the
control group). Please see paper by Knight et al. for full

recruitment details and participant characteristics [50].
Of the 25 participants, there were no significant differ-
ences in their baseline demographic, disease state, or
transplant-related characteristics between the two study
groups. There were no serious adverse events experi-
enced by participants in either study arm [50].

Identification of Selective Rap1A and Rap1B
Antibodies

To identify an antibody that selectively detects Ra-
plA, and one that selectively detects Rap1B, lysates of
HEK293T cells expressing different forms of myc-tagged
or untagged Rapl A or Rap1B were immunoblotted using
nine different commercial antibodies reported to react
with RaplA and/or Rap1B (Figure 1). These antibodies
were also screened for their ability to detect the prenylat-
ed and non-prenylated forms of the GTPases. Prenylated
and non-prenylated GTPases can be identified by their
migration pattern in immunoblots, because prenylated
GTPases migrate faster than non-prenylated GTPases
during SDS-PAGE due to the greater solubility of pre-
nylated GTPases in SDS [30]. The ability of an antibody
to detect non-prenylated Rap1A or Rap1B was confirmed
by the antibody reacting with RaplA or RaplB isolat-
ed from cells treated with mevastatin, which inhibits
prenylation [30], and by the antibody reacting with Ra-
plA-SAAX or Rap1B-SAAX, which are mutant forms
of the GTPases that cannot be prenylated due to serine
substitution at C181 [30].

Among the nine commercial antibodies that were
tested, one antibody exhibited greater reactivity with
RaplA than with Rap1B (Figure 1A), whereas another
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antibody exhibited greater reactivity with RaplB than
with RaplA (Figure 1B). Four antibodies detected both
RaplA and RaplB (Figure 1C-1F), and three antibod-
ies reacted with a protein that could not be attributed
to RaplA or Rap1B (Figure 1G-1I). All antibodies that
detected prenylated RaplA and/or RaplB also detected
the non-prenylated forms of the GTPases, as indicated by
the antibodies reacting in the immunoblots with mutant
RaplA-SAAX and Rap1B-SAAX (lanes 4 and 8, Figure
1) and with Rap1A and Rap1B that had been expressed in
mevastatin-treated cells (lanes 6 and 10, Figure 1).

Two antibodies were chosen for further analysis; a
RaplA-selective antibody (Santa Cruz catalog number
sc-398755, Figure 1A) and a RaplB-selective antibody
(Cell Signaling catalog number 2326, Figure 1B). To
compare the sensitivities of these antibodies for RaplA
and RapIB in the prenylated and non-prenylated forms,
immunoblotting was conducted using lysates prepared
from untransfected HEK293T cells that had been treat-
ed with or without mevastatin for 18 hours. Mevastatin
was used to inhibit the prenylation of endogenous Rapl1A
and Rap1B in the cells [30]. As seen in Figure 2, the two
antibodies exhibited similar sensitivities for the prenylat-
ed and non-prenylated forms of endogenous RaplA or
Rap1B expressed in the cells. Based on these immuno-
blotting results (Figures 1 and 2), we selected these two
antibodies to examine the expression and prenylation of
RaplA and Rap1B in the patients’ PMNC.

Analysis of Rap1A and Rap1B in Patient Samples
and Correlation with Platelet and Neutrophil
Engraftment

Immunoblotting of the patients’ PMNC collected at
baseline, Day -2, and Day +28 indicated that expression
of RaplA and Rap1B varied extensively between differ-
ent collection times and between different patients (Fig-
ure 3). Despite this variability, there was a strong positive
correlation between expression of RaplA and expression
of RaplB in the PMNC samples collected at all time
points during the study. This positive correlation between
Rap1A and Rap 1B expression occurred in PMNC collect-
ed at baseline prior to propranolol treatment (r = 0.716,
p <0.0001 for all 25 patients), and in PMNC collected at
Day -2 and Day +28 after initiation of propranolol treat-
ment (r = 0.842, p = 0.0043 for the control group, and r
= 0.812, p = 0.0013 for the propranolol-treated group).
RaplA and RaplB were prenylated in the vast majori-
ty of the patients’ samples; the slower migrating form
of RaplA and RaplB that indicates lack of prenylation
was detected in only one PMNC sample, collected from
Patient 3 at baseline (lane 7, Figure 3). Relative to the
control group, propranolol-treated patients did not show
significantly altered levels of prenylated Rapl A (F=0.20,
p=0.82), prenylated Rapl1B (F=0.90, p=0.41), or total

levels of Rapl A or Rap1B at any time points (Figure 4).

There was a strong correlation between higher
Rap1B expression at baseline and more days required for
platelet engraftment (Figure 5). This association was sta-
tistically significant when including the results from all
participants (both untreated and propranolol-treated) in
the analysis (p=0.019). Each 10-fold increase in RaplB
at baseline was associated with a 0.4-fold decrease in the
hazard of platelet engraftment (HR=0.41; 95% CI: 0.19,
0.86; p=0.019). The correlation between higher RaplB
expression and more days for platelet engraftment was
also statistically significant when only the results from
the 13 patients who did not receive propranolol were ana-
lyzed (HR=0.38; 95% CI: 0.15, 0.93; p=0.034). However,
this association did not reach statistical significance when
the analysis was restricted only to the results from the
12 patients who were treated with propranolol (HR=0.78;
95% CI: 0.21, 2.9; p=0.707).

In contrast to Rap1B, there was no significant cor-
relation between baseline RaplA expression and the
days required for platelet engraftment (HR=0.55, 95%
CI: 0.27, 1.10, p=0.091) for all patients (Figure 5). Ad-
ditionally, the time required for neutrophil expression did
not significantly correlate with either RaplA or RaplB
expression.

Post Hoc Analyses of Social Health Risk Factors

Since stress promotes -adrenergic signaling in pa-
tients undergoing HCTS50, it is possible that socially-me-
diated stressors would accentuate (-adrenergic effects
on RaplA and RaplB in these patients. To investigate
this possibility, we compared social health risk factors
with RaplA and RaplB expression detected in patient
samples. There was no significant association between
the participants’ income before diagnosis and the base-
line expression of RaplA (r=-0.37, p=0.090) or RaplB
(r=-0.23, p=0.30), nor between the participant’s highest
level of education and the baseline expression of Rapl A
(p=0.76) or RaplB (1=.030, p=0.89). The participants’
reported anxiety pre-transplant and post-transplant, re-
spectively, was not associated with RaplA expression
(r=0.28, p=0.23/r=0.030, p=0.89) or RaplB expression
(r=0.31, p=0.19/r=-0.032, p=0.89). There was also no
significant association between the participant’s reported
depression pre-transplant or post-transplant, respectively,
and the expression of RaplA (r=0.36, p=0.12/r=0.21,
p=0.37) or Rap1B (r=0.42, p=0.07/r=0.18, p=0.44).

DISCUSSION

This study identifies different potential roles of Ra-
plA and RaplB in platelet engraftment after HCT. We
observed that high expression of Rap1B, but not RaplA,
is associated with more days required for platelet engraft-
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Figure 3. Expression of Rap1A and Rap1B in PMNC differs between different patients and different collection
times. Blood samples were collected from patients at baseline at 7 + 2 days before HCT (B), 2 days before HCT (-2),
and 28 days after HCT (+28). Asterisks indicate the patients who received propranolol, which was started immediately
after the first blood draw at the baseline collection period. PMNC were isolated from the blood samples, and 20 mg of
protein from each PMNC lysate was immunoblotted using the Rap1A-specific antibody (Santa Cruz, sc-3987455; top
panel) or the Rap1B-specific antibody (Cell Signaling, 2326; bottom panel). The prenylated and non-prenylated forms
of the small GTPases were detected by their differences in migration. Results are representative of at least three
independent experiments conducted for each antibody.
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Figure 4. Log-transformed Rap1A (A) and Rap1B (B) values in both control and propranolol treatment groups
throughout the study time-course: Baseline (BL), Pre-HCT (Pre), and Post-HCT (Post). Relative to the control
group, propranolol-treated patients did not show significantly altered levels of prenylated Rap1A (F=0.20, p=0.82) (A),
prenylated Rap1B (F=0.90, p=0.41) (B), or total levels of Rap1A or Rap1B at any time points.
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Figure 5. Correlation between log-transformed Rap1A (A) or log-transformed Rap1B (B) and days to platelet
engraftment. There was a strong correlation between higher Rap1B (B) expression at baseline in all participants
and more days required for platelet engraftment (HR=0.41, 95% CI: 0.19, 0.86; p=0.019). There was no significant
correlation between baseline Rap1A (A) expression and the days required for platelet engraftment for all participants

(HR=0.55, 95% Cl: 0.27, 1.10, p=0.091).

ment. This observation supports a greater regulatory role
for Rap1B than for RaplA in platelet engraftment after
HCT, consistent with recent reports that platelet adhe-
sion is regulated more by Rap1B than by RaplA [5,14].
High Rap1B expression may be a negative regulator of
platelet engraftment in patients undergoing autologous
HCT. Interestingly, this association between RaplB
and longer days to engraftment was not observed in the
propranolol-treated group, suggestive of a possible role
for B-adrenergic signaling to modulate Rap1B function
during HCT.

We observed unexpected variability in the expres-
sion of RaplA and Rap1B in the samples collected from
individual patients at different times during the study. The
reasons for this variability are unclear. All samples were
collected using identical procedures, and 20 pg of protein
from each patient’s PMNC sample was routinely ana-
lyzed for immunoblotting. Thus, it seems unlikely that
technical issues were responsible for this variability. The
PMNC samples that we analyzed consisted of a mixed
population of lymphocytes, granulocytes, neutrophils,
and platelets obtained from the unfractionated buffy coat.
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Unexplained physiologic or pathophysiologic events oc-
curring in this mixed population in the PMNC samples
may have affected the expression levels of RaplB and
RaplA over the course of the study. Even though the
events that caused this variability remain unexplained,
these events affected Rap1A and Rap1B in similar ways,
as indicated by the strong correlation between RaplA
expression and Rap1B expression throughout the study.

The prenylated forms of RaplA and Rap1B predom-
inated in almost all PMNC samples; the non-prenylated
forms of the small GTPases were detected in only one
sample, which was collected from Patient 3 at baseline
(lane 7, Figure 2). We previously described several sig-
naling events that suppress the prenylation of RaplA
and Rap1B [26,27,30]. It is possible that these signaling
events were active in the PMNC collected from Patient
3 at baseline, suppressing the prenylation of both RaplA
and Rap1B in this sample. The lack of prior studies exam-
ining the prenylation status of Rap1 in leukocytes provid-
ed the rationale to investigate this question, as well as to
determine if Rapl prenylation is altered by propranolol.
However, since we observed that that nearly all Rap1 was
prenylated in the patients’ PMNC samples, future testing
of the impact of propranolol on Rap1 prenylation is likely
not warranted.

The signals that regulate RaplA expression and
prenylation are expected to similarly regulate RaplB
expression and prenylation, since these two small GT-
Pases are nearly identical and share the same activators
and effectors [5]. Due to their similarities, relatively few
studies have defined differences in Rap1A versus Rap1B,
though they do exist. Rap1B generally controls dynamic
changes in cell-cell adhesion in response to environmen-
tal cues, whereas RaplA resists these cues and instead
promotes steady-state, basal cell-cell adhesion [62,63].
Consistent with the responsive nature of Rap1B, we pre-
viously reported that Rap1B responds more than RaplA
to signaling cascades initiated by adenosine receptors and
B-adrenergic receptors [27]. Furthermore, platelet adhe-
sion was recently found to be regulated more by Rap1B
than by Rap1A [5,14]. Due to these unique characteristics
of Rap1B, it is reasonable that Rap1B participates more
than RaplA in platelet engraftment after HCT. The cur-
rent study is the first to identify this in human samples.
Further, it is noteworthy this relationship persists in the
setting of HCT where the normal hematopoietic milieu is
significantly altered.

We found that high expression of Rap1B correlated
with a longer time required for platelet engraftment in
the MM patients undergoing HCT. This finding indicates
that RaplB negatively regulates platelet engraftment
in these patients. It is possible the signals that elevate
Rap1B expression in the patients’ PMNC at baseline con-
tinue to impact RaplB during engraftment, promoting

Rap1B-mediated events that slow engraftment. Multiple
events undoubtedly contribute to the negative regulation
of platelet engraftment by Rap1B, most likely involving
the Rap1B-mediated regulation of cell adhesion and mi-
gration. Increased expression and/or activity of RaplB
can enhance cell-cell adhesion [16-18], which might neg-
atively affect specific steps during platelet engraftment
that require cell migration.

In patients undergoing HCT, elevated stress and
the norepinephrine-mediated activation of B-adrenergic
receptors may regulate Rap1B activity during HPSC mi-
gration and engraftment. B-adrenergic signaling can have
opposing effects on Rap 1B activity, depending on the du-
ration of the signaling event. Transient B-adrenergic sig-
naling activates Rap1B through EPAC [11,12,22,28,29],
while sustained B-adrenergic signaling inhibits Rap1B
by suppressing its prenylation [26,27]. It is unlikely that
RaplB was inhibited by B-adrenergic signaling in this
study, since Rap1B was prenylated in the majority of the
patients’ samples. Instead, B-adrenergic signaling most
likely activated Rap1B, which may have increased the
ability of Rap1B to promote cell-cell adhesion and slow
engraftment. It is through inhibition of this B-adrenergic
signaling that propranolol may disassociate the negative
effect of Rap1B on platelet engraftment. This is consis-
tent with other clinical studies demonstrating that adren-
ergic input may worsen MM outcomes [64,65], while
B-blockade may improve them [50]. Given the integral
role of stress in this pathway, future studies utilizing cate-
cholamines and/or cortisol as physiologic measurements
of stress could provide a useful complementary approach
to its assessment.

Our observation that high RaplB expression sig-
nificantly correlates with slower platelet engraftment for
untreated patients, but not for propranolol-treated pa-
tients, is suggestive of the potential utility of propranolol
for use in aiding engraftment. However, interpretation
of these findings is limited due to small sample size and
subsequent lack of statistical comparison between the
two groups. As such, these findings do not definitively
prove that Rap1B mediates any effect of propranolol on
this process. Nevertheless, these findings support the de-
velopment of future studies using a larger sample size to
determine if antagonism of B-adrenergic signaling may
inhibit Rap1B activity and subsequently hasten engraft-
ment. Evidence to continue this area of investigation is
further corroborated by studies demonstrating the clini-
cally meaningful impact of propranolol on earlier platelet
engraftment [50] and would help identify candidate com-
ponents of affected signaling pathways.

We previously reported that inhibiting B-adrenergic
signaling using propranolol improves engraftment in MM
patients undergoing HCT [50]. By studying RaplA and
Rap1B, we have identified Rap1B as a potential mech-
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anistic molecule regulating platelet engraftment after
HCT. Future studies are needed to further define Rap1B
as a participant in the B-adrenergic-mediated signaling
cascade that diminishes successful HCT.
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