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Dynamic Protein Pathway Activation Mapping
of Adipose-Derived Stem Cell Differentiation
Implicates Novel Regulators of Adipocyte

Differentiation

Bridget Wilsont§, Lance A. Liottat, and Emanuel Petricoinlllt

Next to embryonic stem cell research, adult stem cell
research is providing a promising alternative for en-
hanced tissue regeneration and transplantation. The key
biochemical networks controlling the differentiation
processes regulating stem cell biology remain largely
disputed and or undefined, contributing to a lack of
knowledge of the principle phosphoregulatory events
propagating signal transduction. To effectively monitor
these events relative to adipocyte differentiation, this
study utilized a high throughput reverse phase protein
microarray platform and characterized adult adipose-de-
rived stem cell (ASC) differentiation through the monitor-
ing of ~100 phosphospecific endpoints with 33 distinct
time points examined across 14 days. This kinetic-based
analysis showed time ordered signal transduction ulti-
mately implicating pathways correlated with adipogenic
differentiation. To further validate the causal significance
of these network activations, pharmacological targeting
was implemented to include the chemical inhibitors
MAPK inhibitor PD169316, rapamycin, and HNMPA-(AM),
yielding partial or complete disruption of adipocytic dif-
ferentiation, as noted by a decrease or lack of lipid for-
mation within the mature adipocytes. Based on this anal-
ysis, v-crk sarcoma virus CT10 oncogene homolog
(CRKII) and c-abl oncogene 1, non-receptor tyrosine ki-
nase (c-ABL) were implicated as novel key regulators of
adipocyte differentiation, with v-akt murine thymoma
viral oncogene (AKT), mammalian target of rapamycin
(mTOR), and SMAD family member (SMAD) pathways
being implicated as secondary regulators. This dynamic
molecular profiling provides a novel insight into the sig-
naling architecture of mesenchymal stem cell differentia-
tion and may be useful in the development of therapeutic
modulators for clinical applications; in addition to advanc-
ing the collective understanding of key cellular processes,
ultimately contributing to more confident stem cell
manipulation. Molecular & Cellular Proteomics 12:
10.1074/mcp.M112.025346, 2522-2535, 2013.
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Recent breakthroughs in adult stem cell research have in-
creased industry focus on the potency and availability of
these cells. Adult stem cells exist in many tissue types, but
adult adipose-derived stem cells (ASCs)' provide a particu-
larly abundant source obtained via through minimally invasive
techniques (liposuction) (1, 2, 3). This plastic-adherent, mul-
tipotent cell population is also known as adipose-derived
stromal cells among other names, with the International Fat
Applied Technology Society reaching a consensus to refer to
them as ASCs (4). Despite extensive research on the differ-
entiation of stem cells, the underpinning molecular mecha-
nisms remain an enigma. During adipogenesis, terminal dif-
ferentiation from a mesenchymal stem cell to a mature
adipocyte is characterized by the ability to store triglycerides
that can be mobilized as fuel for other organs, but the cellular
signaling actuating this transformation remains predominately
undefined (5, 6). A few well-established factors inducing dif-
ferentiation are: high concentrations of insulin (resulting in
stimulation of the insulin-like growth factor 1 receptor), glu-
cocorticoid agonists, peroxisome proliferator-activated re-
ceptor vy (PPAR,) agonist, and agents that elevate cAMP (7, 8).

Primarily research into the process of adipogenesis has
focused on gene expression profiling with proteomic technol-
ogies being used only more recently. Despite the benefits of
gene expression profiling (9, 10), it shows little correlation to
protein levels and provides no insight into the timing of protein
activation. This simple fact highlights the need for a systems
biology approach. More specifically, the monitoring of key
post-translational modification events such as phosphoryla-
tion is necessary to characterize the signaling architecture
regulating differentiation (11, 12). These reversible kinase-
driven phosphorylation events alter protein confirmation,
ultimately affecting enzymatic activity and protein—protein in-

" The abbreviations used are: ASC, Adipose-derived stromal/stem
cell; AKT, v-akt murine thymoma viral oncogene; c-ABL, and c-abl
oncogene 1 non-receptor tyrosine kinase; CRKII, v-crk sarcoma virus
CT10 oncogene homolog; ERK, extracellular-signal-regulated ki-
nases; IGFR, insulin-like growth factor receptor; IR, insulin receptor;
mTOR, mammalian target of rapamycin; ORO, Oil red O; PTEN,
phosphatase and tensin homolog; RPMA, Reverse phase protein
microarray; SMAD, SMAD family member.
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teractions leading to an array of cellular events from differen-
tiation to gene expression, thus encompassing signal trans-
duction. Characterization of this broad-scale signaling
architecture is necessary to provide a more finite depiction of
the complex signaling events directing a given cellular phe-
notype and aid in the understanding of the repercussions of
alterations in regulation (13, 14). Presently, phosphopro-
teomic analysis of cellular differentiation processes such as
with mass spectrometry has been performed in a very limited
number of independent time points that span the cellular
differentiation process, and important dynamic changes in the
cellular signaling architecture may have been missed (12, 15,
16). This study however, utilized the reverse phase protein
microarray (RPMA) to maximize both the number of time
points and phosphoproteins able to be examined simultane-
ously. RPMAs enable the quantitative interrogation of the
phosphorylation state of hundreds of signaling proteins simul-
taneously for hundreds of cell lysates allowing for broad-scale
pathway activation mapping analysis (17). This ultrasensitive
platform has demonstrated sensitivity of as little as 1000
molecules per spot with less than 1/10th of a cell equivalent
volume analyzed per spot and intraslide and interslide CV
between 3-10% (18, 19). RPMAs greatly reduce the required
sample size with spot deposits averaging between 0.3-2 nL,
and yet show concurrent findings when parallel processing of
samples via Western blot is performed (20, 21, 22, 23, 24).

Despite the implication of various markers of adipogenesis,
there remains little consensus on the overarching signal trans-
duction governing the differentiation process. The objective of
this research was to better characterize this process through
utilization of ASCs combined with broad-scale protein path-
way activation mapping, using a dynamic experimental de-
sign. Lineage signal transduction profiles were established
through the monitoring of protein network activation during
the course of differentiation into adipocyte, osteoblast, and
chondrocyte lineages. This multilineage kinetic experimenta-
tion allowed for global examination of signal transduction
through the monitoring of ~100 phosphospecific endpoints,
across 33 consecutive time points that spanned a 14 day
period to reach terminal differentiation demonstrating time-
specific and lineage-specific signaling. This experimental de-
sign allowed for isolation of a subset of time-specific end-
points unique to adipogenesis relative to the other lineages
that could then be further tested for causal significance using
pharmacologic knock-out analysis.

EXPERIMENTAL PROCEDURES

Tissue Culture—ASCs were purchased from Zen-Bio and then
cultured according to the manufacture’s protocols. Cells were com-
prised of a mixed lot of five donors and were shown to be positive for
CD29, CD44, and CD 105, while negative for CD14, CD31, CD34,
CD45, and CD133 (performed by Zen-bio). Cells were passaged twice
in a 75 cm? flask, then transferred to a 24-well plate, and seeded at a
concentration of 39,140 cells/well. 24 h post-transfer, cells had media
changed to lineage-specific media per the manufacture specifica-

tions, with media being replaced every other day. Samples for the
multilineage differentiation time-course (Study Set #1) were per-
formed in triplicate and began with time zero (no differentiation media
added), followed by 33 time points for adipocytic and osteoblastic
lineages (terminal differentiation reached at day 14), and 39 for the
chondrocytic lineage (terminal differentiation reached at 20 days) (Fig.
1). To lyse samples, the media was removed, cells were rinsed three
times with 1 X phosphate-buffered saline (PBS), lysed in 70 ul lysis
buffer, and stored at —80 °C. The lysis buffer was comprised of 50%
T-PER® tissue protein extraction reagent (Thermo Scientific), 47.5%
Novex® Tris-glycine SDS sample buffer (Invitrogen, Carlsbad, CA),
and 2.5% 2-mercaptoethanol.

Inhibitor Treatment—Based on results from inhibitor pilot experi-
ments, three inhibitors were selected that completely or partially
disrupted adipocyte differentiation. A time-course using 15 um of
HNMPA-(AM)3 (Calbiochem), 500 nm of mitogen-activated protein
kinase (MAPK) inhibitor PD169316 (Calbiochem), and 250 nwm of ra-
pamycin (BIOSOURCE) was performed with inhibitors having a final
concentration of 0.1% dimethyl sulfoxide (DMSO). Study Set #3 sam-
ples were cultured in ftriplicate, as previously describe, with treat-
ments beginning at the start of differentiation and continuing through
day 14 with associated untreated and DMSO controls. Fresh inhibitor
was added with each media change and sample lysates were taken
every other day through day 14. To further characterize the role of the
timing of signaling events, additional inhibitor experiments were per-
formed with inhibitor administered at delayed time-points. Three de-
layed treatment sets were performed in triplicate; Study Set #4:
inhibitor/DMSO treatment was started on day 2 and continued until
day 14, Study Set #5: inhibitor/DMSO treatment was started on day 4
and continued until day 14, and Study Set #6: inhibitor/DMSO treat-
ment was started on day 8 and continued until day 14 (Fig. 1A). In all
cases, differentiation was monitored through the quantification of QOil
Red O (ORO) staining to determine the impact on lipid formation.

Oil Red O Staining and Quantification—At various points in the
differentiation process, lipid formation was visualized and quantified
utilizing ORO. Briefly, a stock solution of ORO (0.35g ORO and 100
mls isopropanol) was stirred overnight and filtered through a 0.2 w
filter. Before use, a working stock comprising 6 mls of the ORO stock
and 4 mls of ddH,O was prepared and filtered (0.2 w). Cells were
rinsed two times with PBS prior to a 10 min rinse with 10% phosphate
buffered formalin, followed by a 1 hour incubation period. Following
fixation, cells were washed with ddH,0O, incubated with 60% isopro-
panol for 5 min, and dried in an oven at 37 °C. This step was followed
by incubation with 500 ul of the working ORO working stock for 10
min, rinsed four times with 2 mls of ddH20, images taken, and
allowed to air dry. The ORO was then eluted using 1 ml of 100%
isopropanol and incubated on an orbital shaker for 10 min. An optical
density (OD) was then obtained using a spectrophotometer at 500 nm
and values normalized to a negative control sample. Lipid based
differentiation was established using a time course with lipid quanti-
fication performed every other day until day 14 (Study Set #2, Fig. 1A).

RPMA—Samples were heated at 100 °C for 7 min to melt the
protein into its primary structure. Sample lysates were loaded into
384-well plates and a two-point dilution curve (neat and 1:4) was
generated for each sample. Lysates were printed in duplicate on a
customized FAST® nitrocellulose coated slide (Whatman®) using the
2470 Arrayer (Aushon Biosystems) with controls lysates to include
jurkat treated with etoposide, jurkat treated with calyculin, HelLa, and
Hela treated with pervanadate printed in a ten point dilution curve
(neat, 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, etc.). Slides were stored at
—20 °C until further use. Prior to staining, slides were incubated in 1 X
Re-Blot (Chemicon) for 14 min on an agitator to relax protein struc-
ture. Re-Blot was removed, and slides were washed two times for 5
min in PBS. Slides were then placed into a blocking solution [1g
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I-block (Tropix, Applied Biosystems), 0.5% Tween-20 in 500 ml PBS]
for at least 2 h with agitation before staining.

Protein Microarray Staining—To ensure printing quality and to pro-
vide protein quantification, a total protein assay was performed with
selected slides using SYPRO® Ruby as previously described and
visualized with a NovaRay® (Alpha Innotech) imager (17). Each anti-
body staining procedure was completed using the Autostainer DAKO
Cytomation, which uses a catalyzed signal amplification (CSA) sys-
tem, according to the manufacturer’s protocol. Every antibody used
was commercially purchased and specificity was confirmed via West-
ern blot. Antibody staining employed the use of multiple phospho-
specific primary antibodys, as well an appropriate secondary anti-
body (mouse or rabbit), followed by visualization with the fluorophore
IR-Dye® 680 streptavidin (Li-Cor® Biosystems). Additionally, every

staining run had an associated negative control slide treated with
antibody diluent in the place of the primary antibody. Phospho-
specific antibodies selected pertained to various areas of cellular
functioning, with some being implicated in differentiation and others
having no known affiliations. Incubation sequences, reagent dilutions,
and incubation times were performed as previously described (17).
Imaging and Analysis—Slides were scanned with the NovaRay for
a maximum of 500 milliseconds or until no sample or control satura-
tion was noted. Both antibody stained and SYPRO Ruby stained
slides were analyzed using the Microvigene® software package, with
local background subtraction and the averaging of duplicated spots
resulting in a single data point per sample. Each spot was then
normalized to the total protein slides as well as the negative control
slide such that the values obtained for any phosphoprotein are inde-
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pendent of the total amount of protein on a per/cell basis. This data
was then subjected to unsupervised hierarchical clustering analysis
and Spearman’s Rho correlation analysis using JMP 5.0 (SAS).

Statistics and Data Filtering—To establish statistical significance,
the math library (Apache Foundation Software) was utilized to perform
Mann-Whitney U tests. These tests consisted of experiment specific
time point and end point (“time point-end point”) comparisons. Sta-
tistically significant time point-endpoints were further correlated be-
tween endpoints during specific time windows (“time-window-end
point”) using a Spearman’s Rho analysis, and further paired down to
significant at the same time point. During analysis of Study Set #1,
two significance-filtering-methods were used. Filter 1) all time point—
end point samples for a given lineage were compared with the cor-
responding untreated time zero end point sample and were required
to have a Mann-Whitney p value of = 0.05 and 2) Spearman’s Rho
time-window-end point correlation samples were required to have a p
value of =< 0.05 (Fig. 1B). Similarly three significance-filtering-methods
were used for Study Sets #3 - 6 with Filter 1) being the same as above.
Filter 2) each time point—end point untreated sample was compared
with its corresponding time point-end point inhibitor sample and
required to have a Mann-Whitney p value of = 0.05, 3) Spearman’s
Rho time-window-end point correlations of inhibitor samples were
required to have a p value of = 0.05 (Fig. 1C).

Data was further visualized using Microsoft Access to create com-
posite data tables and histograms. In Study Set #1, a Mann-Whitney
U test table was viewed in histogram format showing the frequency of
significant time-points for a given end point within each lineage for a
specific time-window. Endpoints that were unique to a treatment or
those having a frequency minimally 2 higher than other inhibitor
treatments were highlighted for further examination. Similarly for
Study Sets #3-6, a table was created linking the Mann-Whitney U
table for the time zero sample compared with an inhibitor treated
sample and the Mann-Whitney U table for the untreated to treated
comparison, with each linked by time point, inhibitor treatment, and
end point. Spearman’s Rho correlations were also taken into consid-
eration for each experimental set, with experimental sets ultimately
being compared with each other to isolate endpoints unique to adi-
pogenesis. Alterations in signaling for inhibitor treated experimental
sets were further examined using CScape pathway maps to reflect
signaling pathway changes relative to the related untreated samples
(25). These maps examined alterations in the early and late signaling
events by analysis of day 4 and day 8 data. The intensity values were
normalized with unaltered endpoints displaying a value of 1, de-
creased phosphorylation displaying a value closer to 0 and increased
phosphorylation showing a value closer to 2.

RESULTS

Multilineage Time Course (Study Set#1)—Dynamic time
course RPMA data from each lineage was visualized via un-
supervised hierarchical clustering, which facilitated end point
clustering and established time windows used for histogram
based analysis. The analysis displayed time ordered signal
transduction (Fig. 2A) that revealed a near-perfect ordering of
signaling dynamics that produced a distinct series of unique
dynamic up-and-down signaling activation patterns following
a defined time series. The reproducibility of the signaling
dynamics was seen through the independent analysis of dif-
ferentiated independent triplicate samples. This portrayed ki-
netic activation portraits that were cleanly reproducible
across all three samples, including even subtle and time-de-
pendent changes (Fig. 2B and 2C) and interesting oscillations

in phosphorylation levels seen for AKT at the later time points
(Fig. 2B). The cause and/or consequence of these reproduc-
ible phosphorylation level oscillations is unknown and could
be because of cell cycling feedback and further investigation
is warranted. The unsupervised clustering revealed activation
of the insulin-like growth factor receptor (IGFR)/IR, SMAD,
and mTOR pathways within the first few hours, with AKT
pathway activation a few days post-differentiation. Time-win-
dows were visualized with histograms to isolate lineage
unique endpoints per time-window (Supplemental Data Table
ST1). This analysis showed extracellular-signal-regulated ki-
nases (ERK), phosphatase and tensin homolog (PTEN) and
c-ABL signaling activation to be unique to adipogenesis in the
early time points, with SMAD and CRK activation unique in
later time points. This outcome suggested lineage-time point-
specificity and enabled the implication of potential pathways
to be targeted pharmacologically for further detailed molecu-
lar analysis on adipocyte differentiation and the associated
signaling network activation correlates.

ORO Quantification (Study Set #2)— Adipocyte differentia-
tion was monitored through the quantification of ORO to
validate increased lipid formation throughout differentiation
and to generate a quantifiable numeric measurement of func-
tional biology (lipid accumulation). To ensure methodological
validity, ASCs were differentiated until day 12, with ORO
quantification and cellular imaging performed (supplemental
Fig. S1). This showed ORO staining levels to correspond to
visual lipid accumulations enabling a quantifiable inhibitor
time course to be pursued.

Inhibitor Studies (Study Sets #3-6)—Inhibitor screening
was performed with inhibitor added at the start of differenti-
ation and maintained until day 14, when cultures were imaged
(Fig. 3). The results showed that the HNMPA-(AM), inhibitor
(15 um concentration) completely inhibited lipid formation,
while rapamycin (250 nm concentration) and the MAPK inhib-
itor PD169316 (500 nm concentration) partially inhibited lipid
formation. To evaluate inhibitor affect for Study Set #3, spe-
cific endpoints that should have been targeted by the inhibitor
treatment were examined. In the case of the HNMPA-(AM),
(IR inhibitor), two insulin receptor autophosphorylation sites
were examined to validate inhibitor targeting. The end point
type | insulin-like growth factor receptor/IR [IGF-1R (Y1135/
36)/IR (Y1150/51)] showed inhibition relative to the untreated
sample, whereas the end point IGF-1R (Y113)/IR (Y1146) did
not (supplemental Fig. S2). ORO values displayed a gradual
increase in lipid formation in untreated cells, with HNMPA-
(AM),, treated cells displaying lipid detection levels close to
that of the negative control (Fig. 3C). For rapamycin, the end
point mTOR S2481, an autophosporylation site, showed a
significant decrease in activation relative to the untreated;
whereas the end point mMTOR S2448, phosphorylated by AKT,
was not as significantly altered relative to the untreated sam-
ple (SF2). A downstream target of mTOR, ribosomal protein
S6 kinase (RPS6) S244/40, showed a significant decrease in
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Fic. 2. Hierarchical clustering of adipocytic samples for Study Set #1 time course in triplicate through terminal differentiation A, Plots
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activation relative to the untreated samples, and lipid accu-
mulation was approximately half that of the untreated control
samples (Fig. 3D). Last, the same examination was performed
for the MAPK inhibitor PD169316. The endpoints p38 MAPK,
ERK1/2, and MAP kinase kinase 1/2 (MEK1/2) were examined
as potential direct targets in addition to downstream targets
such as activating transcription factor 2 (ATF2) (supplemental
figure S2).

Following analysis, unsupervised hierarchical clustering
analysis was performed to generate heat-maps. Heat-map
data further corroborated time-ordered-signaling and cap-
tured the disruption in signal architecture as a result of inhib-
itor treatment. HNMPA-(AM), inhibitor showed the highest
degree of individualized clustering from the untreated exper-
imental set (Fig. 4A). To further delineate signaling pathway
differences between inhibitor treatments, early (day 4) and late
(day 8) pathway maps were constructed as described above

using CScape (Fig. 4B and 4C), in addition to a summary table
displaying values of treated samples normalized to their un-
treated matched sample (Fig. 4D). When examining the
HNMPA-(AM), inhibitor samples on day 4, an increased acti-
vation was noted in SMAD and ERK1/2 pathways, with a
reduction of activation seen in some proteins involved in the
AKT signaling pathway. On day 8, the SMAD pathway was still
highly phosphorylated, with ERK 1/2 activated to a lesser
degree. When comparing selected endpoints potentially pro-
moting differentiation, it was noted that on day 4 c-ABL T735
and CRKIl Y221 activity was lower in HNMPA-(AM), and
rapamycin treated samples, but unaffected in MAPK treated
samples. On day 8 in HNMPA-(AM), treated samples, c-ABL
T735 exhibited increased activation whereas CRKIl Y221 re-
tained a decreased activation; however, in rapamycin and
MAPK treated samples, c-ABL T735 and CRKII Y221 activa-
tion levels returned to that of the untreated samples. These
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Fic. 5. ORO images of day 14 for Study Sets #4-6. Samples include untreated (A); rapamycin started on day 2 (B), day 4 (C), and day 8
(D); MAPK started on day 2 (E), day 4 (F), and day 8 (G); HNMPA-(AM)3 started on day 2 (H), day 4 (/), and day 8 (J).

profiles were then compared across treatments in an attempt
to isolate endpoints showing a distinct profile in the HNMPA-
(AM), inhibitor relative to the other two treatments.

To more fully understand the kinetic nature of signaling
pathway activation and the cellular commitment processes
during differentiation, delayed inhibitor treatments (Study Sets
#4-6) were used. Again, the IR inhibitor HNMPA-(AM), dis-
played a strong disruption of differentiation, with a loss of lipid
formation being noted when inhibitor was added on day 8 and
maintained until day 14. Rapamycin treatment disrupted lipid
formation in Study Sets #4 and 5, but showed a lesser effect
in Study Set #6. The MAPK inhibitor PD169316 only showed
a notable disruption of lipid formation in Study Set #4 (Fig. 5).
These findings led to only inhibitor sets with inhibitor started
on day 2 being used for further analysis.

In an effort to identify endpoints promoting the differentia-
tion process, data was condensed into an early (days 2-6)
and late (days 8-14) time-window with a tabulation of signif-
icance per endpoint being represented in a histogram format
(Figure 6). Again, based on ORO results, only Study Sets #3
and 4 were utilized in keeping with the focus on samples
showing a disruption in differentiation.

Data Compilation and Analysis—Because of the complete
inhibition seen in HNMPA-(AM), treated sets, treatment
unique endpoints were isolated as potentially responsible for
the complete disruption of lipid formation noted in this treat-
ment. The list of endpoints unique to the HNMPA-(AM); was
related back to endpoints found to be unique to adipocytic
differentiation in Study Set #1 (Table IC). This revealed a
substantial number of endpoints in common between the two
studies, thus implicating them as potential key regulators of
differentiation. To identify possible end point interactions, a
Spearman’s Rho correlation was performed in accordance
with the previously described data filtering methods (Table IA
and 1B). This displayed predominantly unique correlations
when comparing inhibitor treatments, with some treatments
lacking a correlation with a given end point entirely.

DISCUSSION

Detailed characterization of stem cell differentiation will
contribute to confident stem cell manipulation for tissue re-
construction as well as enhance disease understanding re-
lating to obesity, diabetes, and some cancers (26, 27).
Although the current study is substantial in scale, it only
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Fic. 6. Compilation of all inhibitor treatments, with treatment initiated at the start of differentiation, started on day 2, and started on
day 4 complied into a single data set displayed in two time windows: days 2-6 (A) and days 8-14 (B). Endpoints showing at least two

points higher or exclusive inhibitor representation highlighted.

provides a starting point for characterization of the signaling
architecture regulating ASC differentiation. Because of total
protein levels fluctuating over the course of cell cycling and
differentiation, this study focused analysis on the phos-
phorylation status of key signaling “hubs” relating to under-
pinning biological processes, with only a small pool of a
given kinase substrate being phosphorylated at any given
time. Further interrogation of the total levels of proteins that
were found to be differentially activated/phosphorylated in
our study will be performed in future studies. Additionally,
only a subset of the kihome was examined, leaving an
inherent potential for key signaling proteins to be over-
looked. This can be expanded with newly validated antibod-
ies and the incorporation of a more global mass spectrom-
etry (MS)-based phosphoprotein analysis to provide the
necessary depth of coverage to more fully elucidate the
signaling changes occurring. The use of the RPMA technol-
ogy, which can quantitatively measure large numbers of
analytes with extremely low cell number requirements, en-

abled the survey of a broad number of time points to provide
a starting basis to isolate time windows that could be ex-
plored more fully with MS approaches that provide more
broad scale analysis yet require larger cellular input.
Despite these facts, results from Study Set #1 displayed a
time-ordered signal transduction profile and directed the
pharmacological targeting of likely key regulators of adi-
pocytic differentiation via kinase inhibitors that completely or
partially inhibited adipocytic differentiation. This screening
identified HNMPA-(AM),, rapamycin, and MAPK inhibitors to
most effectively disrupt differentiation and warrant further ex-
ploration via Study Sets #3-6 (Fig. 3). Although HNMPA-(AM),
and rapamycin showed a reduction in phosphorylation levels
in expected targets, the MAPK inhibitor showed an increased
phosphorylation in the endpoints p38MAPK, MEK 2, and
ERK1/2 (SF2). This hyperphosphorylation may have been at-
tributed to cellular compensation, yet despite this finding, all
the inhibitors showed a clearly definable disruption in lipid
formation relative to untreated samples. Speanman’s Rho
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TABLE |

Spearman’s Rho correlations and endpoints unique to the HNMPA-(AM)3 treatment

A Treatment started at Time 0: Early-Time Window (2-6 Days)?

HNMPA-(AM)3 Rapamyacin MAPK
Abbreviation Phosphoprotein Abbreviation Phosphoprotein Phosphoprotein
ACC S79 Acetyl-CoA Carboxylase (Ser79) BAD S112 BCL2-associated No significant
agonist of cell death correlations
(Ser112)
c-ABL Y245 c-Abl, non-receptor tyrosine CRKII Y221 v-crk sarcoma virus
kinase (Tyr245) CT10 oncogene
homolog (Tyr221)
CRKII Y221 v-crk sarcoma virus CT10 IRS1 S612 Insulin receptor
oncogene homolog (Tyr221) substrate 1 (Ser612)
PTEN S380 Phosphatase and tensin P38MAPK p38 Mitogen Activated
homolog (Ser380) T180/Y182 Protein Kinase
(Thr180/Tyr182)
SRC Y527 v-src sarcoma (Schmidt-Ruppin VEGFR2 Y1175  Kinase insert domain
A-2) viral oncogene homolog receptor (a type Ill
(Thr527) receptor tyrosine
kinase) (Tyr1175)
STAT5 Y694 Signal transducer and activator

of transcription 5 (Tyr694)

B Treatment started on Day 2: Early-Time Window (2-6 Days)?

HNMPA-(AM)3 MAPK Rapamycin
Abbreviation Phosphoprotein Abbreviation Phosphoprotein Phosphoprotein
ACC S79 Acetyl-CoA Carboxylase (Ser79) ATF2 T71 Activating transcription ~ No significant
factor 2 (Thr71) correlations
AKT S473 v-akt murine thymoma viral BAD S112 BCL2-associated
oncogene (Ser473) agonist of cell death
(Ser112)
BAD S112 BCL2-associated agonist of cell ~ CRKIl Y221 v-crk sarcoma virus
death (Ser112) CT10 oncogene
homolog (Tyr221)
c-ABL Y245 c-Abl, non-receptor tyrosine ERK 1/2 (T202/  Mitogen-activated
kinase (Tyr245) Y204) protein kinase 1/2
(T202/Y204)
CC7 D198 Caspase-7, cleaved (Asp198) pP38MAPK p38 Mitogen Activated
T180/Y182 Protein Kinase
(Thr180/Tyr182)
CC9 D315 Caspase-9, cleaved (Asp315) PTEN S380 Phosphatase and
tensin homolog
(Ser380)
CRKIl Y221 v-crk sarcoma virus CT10 STAT5 Y694 Signal transducer and

ERK 1/2 (T202/Y204)
FOX01 S256

IGF-1R (Y1131)/IR(Y1146)

IGF-1R(Y1135/36)/IR(Y1150/51)

IRS1 S612

MST1(T183)/MST2(T180)

mTOR S2481
PDK1 S241

PTEN S380

oncogene homolog (Tyr221)

Mitogen-activated protein
kinase 1/2 (T202/Y204)

FoxO1 forkhead box O1
(Ser256)

Insulin-like growth factor 1
receptor (Tyr1131)/Insulin
Receptor (Tyr1146)

Insulin-like growth factor 1
receptor (Try1135/36)/Insulin
Receptor (Try1150/51)

Insulin receptor substrate 1
(Ser612)

Macrophage stimulating 1
(hepatocyte growth factor-
like) (Thr183)/Mst2 (Thr180)

Mechanistic target of rapamycin
(Ser2481)

Pyruvate dehydrogenase
kinase, isozyme 1 (Ser241)

Phosphatase and tensin
homolog (Ser380)

activator of
transcription 5
(Tyr694)
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TABLE |—continued

B Treatment started on Day 2: Early-Time Window (2-6 Days)?

HNMPA-(AM)3

MAPK Rapamycin

Abbreviation Phosphoprotein

Abbreviation Phosphoprotein Phosphoprotein

SRC Y527 v-src sarcoma (Schmidt-Ruppin
A-2) viral oncogene homolog
(Thr527)

STAT3 Y705 Signal transducer and activator
of transcription 3 (Y705)

STAT6 Y641 Signal transducer and activator

of transcription 6 (Try641)

C Early and late endpoints that are unique to the HNMPA-(AM)3 treatments

Early Endpoints

Late Endpoints

Abbreviation Phosphoprotein

Abbreviation Phosphoprotein
c-ABL T735° c-Abl, non-receptor tyrosine
kinase (Thr735)
c-ABL Y245 c-Abl, non-receptor tyrosine
kinase (Tyr245)
CC7 D198 Caspase-7, cleaved (Asp198)

CRKIl Y221°

FADD S194

IGF-1R(Y1135/36)/IR (Y1150/51)

MST1(T183)/MST2(T180)

mTOR S2448°

mTOR S2481°

PDGFRb Y571

PDK1 S241

SMAD 1(S/S)/5(S/S)/8(S/S)

STAT6 Y641

v-crk sarcoma virus CT10
oncogene homolog (Tyr221)

Fas (TNFRSF6)-associated via
death domain (Ser194)

Insulin-like growth factor 1
receptor (Try1135/36)/Insulin
Receptor (Try1150/51)

Macrophage stimulating 1
(hepatocyte growth factor-
like) (Thr183)/Mst2 (Thr180)

Mechanistic target of rapamycin

(Ser2448)

Mechanistic target of rapamycin

(Ser2481)

platelet-derived growth factor
receptor beta (Try751)

Pyruvate dehydrogenase
kinase, isozyme 1 (Ser241)

Smad family member 1
(Ser463/465)/Smad family 5
(Ser463/465)/Smad family
member 8 (Ser426/428)

Signal transducer and activator
of transcription 6 (Try641)

ERK 1/2 (T202/
Y204)

FADD S194

FOX01 S256

IGF-1R(Y1131)/
IR (Y1146)

PDK1 S241°

PKACTI9® 7

PTEN S380°

SMAD 1(S/S)/
5(S/S)/8(S/S)°

SRC Y527

STAT6 Y641

VEGFR2 Y1175

Mitogen-activated protein
kinase 1/2 (T202/Y204)

Fas (TNFRSF6)-associated
via death domain (Ser194)

FoxO1 forkhead box O1
(Ser256)

insulin-like growth factor 1
receptor (Tyr1131)/Insulin
Receptor (Tyr1146)

pyruvate dehydrogenase
kinase, isozyme 1 (Ser241)

Protein kinase, cAMP-de-
pendent, catalytic (Thr197)

Phosphatase and tensin
homolog (Ser380)

Smad family member 1
(Ser463/465)/Smad family
5 (Ser463/465)/Smad
family member 8 (Ser426/
428)

v-src sarcoma (Schmidt-
Ruppin A-2) viral oncogene
homolog (Thr527)

Signal transducer and
activator of transcription 6
(Try641)

Kinase insert domain
receptor (a type lll receptor
tyrosine kinase) (Tyr1175)

@ Spearman’s Rho correlations for treatments started at time 0 and day 2 for the early time window.
b Endpoints in common in between Study Set #1 and HNMPA-(AM), treated samples.

analysis of endpoints unique to HNMPA-(AM), showed CRKII
and c-ABL Y245, in addition to other endpoints, to be
uniquely correlated in the HNMPA-(AM), treated set relative to
the other treatments. Data set congruency was further dem-
onstrated with the same time-ordered signaling activation
noted across all studies in addition to c-ABL T735 having no
correlations with the endpoints examined, just as was noted in
Study Set #1. Ultimately, CRKII and c-ABL were implicated as
primary regulators of adipocyte commitment with AKT,
mTOR, and SMAD pathways implicated secondarily.

The current study ensured protein activation analysis was
based on clinically derived human primary ASCs and while
primary cultures are becoming more readily available, mouse
embryonic cell lines 3T3-L1 and C3H10T1/2 are still the most
commonly studied relating to adipocyte biology. These cell
lines are useful as human analogs although true parity re-
mains to be validated (28). Rapamycin has been previously
cited for complete disruption of differentiation or more mini-
mally leading to a substantial decrease in lipid formation, in
addition to a decreased expression of adipocytic markers
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(29). One study utilizing human primary preadipocytes, with a
comparable amount of inhibitor applied, noted a complete
disruption of differentiation (13). An additional study examin-
ing 3T3-L1 cells treated with rapamycin demonstrated a sub-
stantial decrease in lipid formation and moreover, a reduction
in the gene expression of the adipocytic markers PPARYy,
adipsin, adducin 1/sterol regulatory element binding tran-
scription factor 1 (ADD1/SREBP1c), and TNF receptor super-
family, member 6 (FAS) (30). Although both studies relied on
insulin as the main stimulator of differentiation, the secondary
media components differed, which may explain the noted
variation in lipid disruption. mTOR itself inactivates eukaryotic
translation initiation factor 4E-binding protein 1 (4E-BP1) and
activates p70 S6 kinase (p70S6K) and subsequently RPS6 to
regulate protein synthesis. One study examining mesenchy-
mal stem cells found p70S6K and subsequent RPS6 phos-
phorylation levels to be almost undetectable, while 4E-BP1
was not impacted equally. This study implicated the AKT
pathway and subsequently mTOR to be necessary drivers of
differentiation (31). In agreement, this study noted the same
trends in the magnitude of inhibition in the downstream tar-
gets of mMTOR and a possible relation to AKT. However, this
pathway was not deemed a necessary component of differ-
entiation in the current study.

The MAPK inhibitor PD169316 has widely been held to be
specific to p38MAPK, but this belief is coming into question.
The current study has found p38MAPK, ERK 1/2, and MEK
1/2 all to show increased phosphorylation levels which indi-
cates that the inhibitor was targeting MAPKSs in general. One
study using this inhibitor with the 3T3-L1 cell line suggested
that it disrupted differentiation, drawing as evidence a sub-
stantial decrease in lipid formation as well as a decrease of
CCAAT/enhancer binding protein beta (C/EBPB) phosphory-
lation, a protein implicated in adipocytic commitment. Addi-
tionally, this same laboratory found that mouse and human
derived preadipocytes responded differently to the PD169316
inhibitor, with promoted differentiation and increased phos-
phorylation of C/EBP noted in the human preadipocytes (32,
33). Another study examining the specificity of PD169316
found that when used at concentrations of 5 um or higher the
inhibitor also targeted transforming growth factor beta (TGFp)
hence inhibiting SMAD signaling (34). Although previous stud-
ies implicate p38MAPK as a driver of differentiation, it is
important to note that samples were treated with 10 um of
inhibitor, whereas the current study treated with 500 nm which
could have contributed to the difference of magnitude noted.
A study targeting p38MAPK with RNAi knockdown in
C3H10T1/2 stem cells noted only a partial inhibition to stem
cell commitment, which would be in agreement with the cur-
rent study (35). Moreover, MEK 1/2 mediated activation of
ERK 1/2 has also been implicated in the disruption of differ-
entiation. One study examining embryonic stem cells found
the inhibition of ERK 1/2 early in differentiation disrupted
adipocyte formation (36). Although another study found ERK

inhibition to block osteogenic differentiation and instead pro-
mote adipogenesis, as noted by the expression of adipose-
specific mRNA (37). Another laboratory expanded on this
finding by examining MEK/ERK activation via preadipocyte
factor 1 (PREF-1) and found ERK 1/2 activation to inhibit
differentiation. This study also noted that a rapid burst of ERK
activation was necessary following the addition of differenti-
ation stimuli (38). These findings substantiate a portion of the
trends seen in the present study, which demonstrated an
increase in ERK 1/2 phosphorylation to correlate with a dis-
ruption in differentiation, but without the same magnitude of
disruption being noted.

Although no other studies were found to relate the usage of
HNMPA-(AM); to the disruption of adipogenesis, other effec-
tive demonstrations of the inhibitor were examined. One study
explored the role of insulin signaling in umbilical endothelial
cells. Various inhibitors were used to include a phosphatidyl-
inositol 3-kinases (PI13-K) inhibitor (LY294002), IR/IGFR inhib-
itor (tyrphostin 23), and HNMPA-(AM); inhibitor. All of these
showed a decrease in the proliferative effects of insulin sug-
gesting insulin mediated signaling through IGFR/IR followed
by PI3-K and subsequent AKT activation, thus confirming the
reproducibility of the effects seen through the HNMPA-(AM),
inhibitor (39). Another study examined the effects of visfatin,
an adipocytokine, on osteoblasts. The HNMPA-(AM), inhibitor
was used in this study to inhibit both insulin and visfatin
signaling, because of the ability of visfatin to act through the
insulin receptor. When cells were stimulated with visfatin or
insulin in the presence of inhibitor, IR, IRS-1, and IRS-2 phos-
phorylation were inhibited in addition to other cellular proper-
ties, thus showing the consistent effects of the HNMPA-(AM),
inhibitor (40).

CRKII and c-ABL, which were implicated as potential driv-
ers of differentiation in the current study, have not been pre-
viously implicated in the differentiation of adipocytes, thus
appearing to be a novel finding. CRKIl has been predomi-
nantly studied in the context of cancer research and impli-
cated in cellular functions such as proliferation, differentiation,
and migration (41, 42, 43). One study examining synovial
sarcoma cells discovered a novel signaling mechanism with
CRKII activating v-src sarcoma (Schmidt-Ruppin A-2) viral
oncogene homolog (SRC) and subsequently p38MAPK, with
CRKII suppression leading to decreased proliferation (14). The
current study found a similar relationship with CRKIl and SRC,
although p38MAPK was not implicated because of a lack of
correlation with CRKII. Furthermore, one study employing the
L6C6 cell line, rat skeletal muscle, found CRKII overexpres-
sion led to enhanced activation of ERK in an insulin-depend-
ent manor (44). Although the current study found ERK to
correlate with CRKII in HNMPA-(AM), treatments, the relation
was dissimilar due to CRKII activity being repressed whereas
ERK activity was enhanced. c-ABL has also been studied
predominantly in the context of cancer research. c-ABL Y245
has been found to be phosphorylated by other SRC members
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and platelet derived growth factor receptor (PDGFR), whereas
c-ABL T735 has been implicated in cytoplasmic localization
and is phosphorylated by CDC-like kinase 1 (CLK1), CLK4,
macrophage stimulating 1 (MST1) and MST2. Moreover, c-
ABL has been found to associate with CRKII and effect signal
transduction and cytoskeletal remodeling (1). This suggests
that these two proteins may function in cellular remodeling to
aid in the morphological changes necessary to achieve an
adipocytic fate.

Although CRKIl and c-ABL have been implicated as key
regulators of adipocytic differentiation for the first time in this
study, further examination is required to validate and charac-
terize causal roles and pathway interactions. If CRKIl and
c-ABL are validated as key regulators of differentiation, their
roles can be further characterized in an in vivo system to
provide a complete picture of specific functioning. The impli-
cation of CRKII and c-ABL as key regulators is only a starting
point, these findings have potential implications in obesity
research as a means to regulate and limit the transformation
of stem cells into new adipose cells. The global nature of the
current study has provided further insight into the time-spe-
cific phosphoregualtory events to broaden our understanding
of the signal transduction events directing adipocyte differen-
tiation. Advances such as these, may lead to more precise
tuning of end lineage dynamics, answer fundamental ques-
tions concerning stem cell biology, and perhaps aid in the
identification of new therapeutic targets of adipogenesis and
metabolic derangements during fat metabolism.
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