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Abstract

Stem cell function is thought to be tightly regulated by growth factor
concentration in the confines of the microenvironmental niche. Therefore, the
response of human mesenchymal stem cells (hMSCs) was studied in culture with
mechano-growth factor (MGF), an isoform of IGF-1 known to be expressed in the
heart following injury. Chemotactic migration of hMSCs increased in response to
a peptide analog corresponding to the E-domain region of the MGF prohormone,
which was greater than the IGF-1 polypeptide after 20 hours of culture.
Compared to control without growth factor, migration was significantly less with a
scrambled peptide (p=0.025) or a peptide harboring a serine to alanine
substitution near the carboxy end (p=0.002). The IGF-1 polypeptide increased
proliferation of small (5-9 um) but not large (>13 pm) hMSCs, whereas the E-
domain peptide (MGF-E) had no effect on proliferation. Thus, there are complex
biological responses of hMSCs to the prehormone of IGF with respect to
migration and proliferation. Since neonatal myocytes but not h(MSCs express
MGF when strained cyclically at 20%, overloading of the heart may trigger
immigration of stem cells. It seems possible that regions of the IGF prohormone
may act differentially, or in a combinatorial manner, to benefit cardiac tissue

recovery after injury.
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Introduction

Mesenchymal stem cells (MSCs) are advantageous for tissue
regeneration because of availability, self-renewal and differentiation into multiple
cell types [1]. However, gains are marginal in heart function [2] because of poor
homing [3] and lack of myocyte differentiation [4]. Growth factors might enhance
clinical outcomes via proliferation and directed migration. Members of the insulin-
like growth factor (IGF) family mediate several regenerative processes, including
modulation of inflammatory responses, apoptosis and proliferation. However,
binding proteins rapidly sequester IGF limiting bioavailability locally and for short
duration.

Alternate splicing within the IGF-1 gene produces many preprohormone
isoforms that are cleaved by cellular endoproteases leaving the prohormone
(mature 70 amino acid peptide + E-domains). Final cleavage yields identical
mature peptides but with different E-domains [5], one of which is preferentially
expressed in damaged skeletal muscle [6] and found in heart and other tissues
[7]. In humans, this isoform is named IGF-1Ec or mechano-growth factor (MGF),
Figure 1A.

Biological activity has been demonstrated in both muscle and neuronal
tissues of a 24 amino acid peptide analog corresponding to the unique C-terminal
E-domain of MGF (MGF-E). MGF-E is a positive regulator of skeletal myoblast
proliferation and differentiation leading to muscle hypertrophy [8]. In the mouse
heart, MGF-E improves cardiac function after myocardial infarction [9]. MGF-E

and IGF-1Ea expression are significantly increased 4 and 8 weeks after



myocardial infarction in rat myocardium with MGF-E message and protein levels
five-fold higher than IGF-1Ea levels [7]. Additionally, MGF-E causes increased
HOC2 cell proliferation independent of the IGF-1 receptor [7]. Thus, further study
of MGF-E peptide on proliferation and migration of human MSCs may advance
regenerative therapy.
Materials and Methods
Cell Culture

After institutional approval, hMSCs isolated from bone marrow aspirates
were cultured in complete culture media (CCM) consisting of MEM-a
supplemented with 16.5% FBS, 2 mM L-glutamine, 100 units/mL penicillin and
100 pug/mL streptomycin. hMSCs were obtained from the Tulane University
Center for Gene Therapy or AllCells (Berkeley, CA). Passage 2-3 (P2-P3)
hMSCs were used for all experiments.
Peptides

The native form of MGF-E (MGF-E (nat)) was synthesized with a C-
terminal cysteine cap and purified via high performance liquid chromatography
(Genescript Corp, NJ), (Figure 1A). The stabilized form of MGF-E (MGF-E (LD))
is more resistant to degradation due to an L to D stereoisomer switch of two
arginines in the 24 amino acid sequence of MGF-E. Biologically inactive
peptides were created to test the effects of substituting a serine at a consensus
PKA site, 18 amino acids from the N-terminus to alanine (MGF-E (S-A),
Genscript Corp, NJ) and scrambling the 24 amino acids of MGF-E (SCR,

Genscript Corp, NJ). The stereoisomer switches for MGF-E (LD) are present on



both MGF-E (S-A) and SCR peptides (Figure 1A). Peptides were dissolved in
60% acetonitrile (stock 1 mg/mL) and diluted in molecular grade water to 1000
ng/mL yielding a final concentration (30 ng/mL) in media. For no growth factor
(No GF) control, equal volumes of molecular grade water were added to media.

Lyophilized recombinant insulin-like growth factor 1 (IGF-1, Sigma) was
reconstituted in phosphate-buffered saline (PBS) containing 0.1% bovine serum
albumin (stock 50 mg/mL) diluted in molecular grade water to 3333 ng/mL and a
final concentration (100 ng/mL) in media; this is an equal molar concentration as
for MGF-E.

IGF-1 isoform expression in cyclically strained neonatal rat ventricular myocytes

and hMSCs

hMSCs or neonatal rat ventricular myocytes (NRVM) in BioFlex® Culture
Plates (Flexcell International, Hillsborough, NC) were strained cyclically with a
Flexcell Strain Unit (Model FX-4000, Flexcell International) at 10 or 20% and 1Hz
frequency for 48 hours. Total RNA was isolated and used (100 ng) in each RT-
PCR reaction to assess changes in IGF-1 isoform expression. Primers were
rodent IGF-1 isoforms; forward, 5-CCTCCAATAAAGATACACATCATGTCG-3,
reverse, 5-TTTGGCAGGTGTTCCGATGTT-3’. Human IGF-1 isoforms; forward,
5-CAGCTCTGCCACGGCTGGAC, reverse, 5'-
GCAAAGGATCCTGCGGTGGCA. Rodent ribosomal protein (L7); forward, 5’-
GAAGCTCATCTATGAGAAGGC-3’, reverse 5'-
CAGACGGAGCAGCTGCAGCAC-3'. Human glyceraldehyde-3-phosphate

dehydrogenase (GAPDH); forward, 5-GTGGACCTGACCTGCCGTCTA-3,



reverse 5-GCTTGACAAAGTGGTCGTTGA-3'. Amplification conditions were
identical except the annealing temperature for the human IGF-1 isoform primers
was 70°C, whereas all others were 55°C.

hMSC migration

Migration of h(MSCs was determined with a 10-um thick polycarbonate
porous membrane insert with 8-um pores (FluoroBlok, BD Biosciences). P2-P3
hMSCs were thawed and cultured to approximately 80% confluence in CCM.
Plates were washed with PBS and cells starved with non-serum, low glucose (0.1
mM) DMEM media (LGM) for four hours. Cells were then detached, counted and
50,000 cells in LGM were added to the top of the transwell insert. The bottom of
each well contained LGM with or without growth factors. Groups were No GF,
IGF, MGF-E (nat), MGF-E (LD), SCR and MGF-E (S-A). Additionally MGF-E
(nat) and MGF-E (S-A) were added together in equal concentration to assess
any competitive action between them. Cells migrated and attached for 20 hours
when the inserts were removed, washed with PBS and stained with Calcein-AM.
Plates were then scanned using a FlexStation Il (Molecular Devices) bench top
scanning fluorometer. Experiments were repeated for three human donors six
times (n=6) except where noted.

To confirm hMSC migration, images were collected of Calcein-AM labeled
hMSCs, which migrated through the membrane. Fluorescence was observed on

a Nikon Microphot-FXA/SA epifluorescent microscope.



hMSC proliferation

P2-P3 hMSCs at approximately 80% confluence in CCM were detached,
counted with a hemocytometer and resuspended in reduced culture media
(RCM) consisting of MEM-a with 2% FBS and 100 units/mL penicillin and 100
ug/mL streptomycin. 1x10* cells (in 200 pL) were plated into wells of a 96 well
plate for each experimental group. Note, cells were restricted to centrally located
wells to eliminate parabolic cell growth patterns due to dehydration in the outer
perimeter. The colorimetric WST-1 (Roche) assay was used as an index of
proliferation of hMSCs. Cell number was estimated at day 0 and four days after
growth factor treatment using a plate reader to measure the absorbance at 450
nm. Media was changed once after 48 hours. Mouse MSCs (data not shown)
indicated no proliferative effect with the stable version of MGF-E (MGF-E(LD)).
Therefore, the groups of interest for proliferation analysis included IGF, MGF-E
(nat) and No GF control and experiments were repeated for each human donor
(n=3).

To determine differential effects due to cell size and confirm WST-1
proliferation results, hMSC number and size was determined using a Multisizer 3
Coulter counter (Coulter Counter, Fullerton, CA). 6x10* cells in CCM were plated
into 10-cm tissue culture dishes and allowed to attach overnight. Some plates
were used to obtain day 0 cell counts while RCM with growth factors or control
molecular grade water. Cells were cultured for four days with one media change
at 48 hours, as above. Cells were then detached and counted and cell counts

were made from 5-30 ym diameter to confirm the WST-1 assay. Counts were



made of cells with diameters from 5-9 ym or greater than 13 uym to determine
effects of growth factors on small or large cells. Experiments were run in
triplicate for one human donor.

Results and Discussion

MGF expression in cardiac myocytes following mechanical strain.

IGF-1 isoform primers that span exons 4 and 6 detected a higher
molecular weight transcript in cardiac myocytes following 20% mechanical strain
(Figure 1B). This corresponds to the MGF isoform due to a 49 base pair insert (in
rodents) from part of exon 5. In human hMSCs, using the same approach, no
apparent MGF expression was noted following mechanical strain. This indicates
that the MGF isoform is expressed in cardiac myocytes following mechanical
perturbation and may function as a local growth factor in response to injury.

Migration of hMSCs in response to the MGF-E peptide

MGF-E increases hMSC migration as seen in representative images of
Calcein-AM labeled hMSCs at the bottom of transwell insert (Figure 1E). Dose
response experiments confirm that migration of hMSCs is optimal at 30 ng/mL
MGF-E (nat) (Figure 1C), agreeing with other cell types [8,10]. Migration of
hMSCs is significantly increased after 20 hours in response to MGF-E (nat)
compared to MGF-E (S-A) (p<0.002) and SCR (p<0.025) relative to control (No
GF) (Figure 1D). Although there was higher variability across 3 human donors,
MGF-E (LD) caused significantly more migration compared to MGF-E (S-A)
(p=<0.006) with a trend for increase versus SCR (p=0.06) (Figure 1D).

Interestingly, the chemotactic effect of MGF-E is blunted with substitution of the



serine at position 18 with alanine (MGF-E (S-A)) or scrambling the order of the
amino acids of the MGF-E peptide. Additionally, incubation with equal amounts of
MGF-E (nat) and MGF-E (S-A) did not blunt h(MSC migration, suggesting that
lack of phosphorylation at this position does not function in a dominant negative
manner.

Migration in hMSCs likely depends on the presence of a serine residue
that forms a putative PKA consensus phosphorylation site within the unique
region of the E-domain of the MGF prohormone. This would suggest that the E-
domain plays a role in mediating intracellular signaling that would be limited to
the MGF splice variant, since the serine near the terminus of the E-domain is not
present in other IGF-1 isoforms. Indeed, the presence of the E-domain region of
the IGF-1 prohormone isoforms (IGF-1Ea and MGF) yields distinct gene
expression patterns in skeletal muscle compared to one another and mature IGF-
1 [11]. Selective action of MGF-E on skeletal muscle repair is attributed to
migration of myoblasts due to increased matrix metalloproteinase expression [10]
and increased myoblast stem cell differentiation [12].

Migration is regulated via the SDF-CXCR4 axis. IGF-1 increases murine
MSC migratory response via the CXCR4 receptor suggesting that growth factors
act in an orchestrated manner with chemokines to reinforce the migratory
response [13]. Surprisingly, results here show that IGF-1 does not directly induce
hMSC migration whereas MGF-E does. Further, antibody studies have ruled out
the action of the MGF-E through the IGF-1 receptor in most cases, suggesting

another mechanism must exist for cellular uptake and biologic function [8,10].



Proliferation of hMSCs in response to the MGF-E peptide

All peptides had minimal effects on proliferation of the whole stem cell
population (Figure 2). The WST-1 cell counting assays suggest a trend for
increased hMSC proliferation in response to IGF but not MGF-E (nat) treatment
(Figures 2A, 2B). Interestingly, IGF treatment causes a significantly greater
proportion of small cells (5-9 yum diameter) to proliferate compared to cells
without any growth factor or exposed to the natural, MGF-E (Figure 2C). The
number of cells greater than 13 um diameter is not significantly different than No
GF after treatment with any of the peptides (Figure 2C).

Findings here that IGF-1 does not affect proliferation of the whole hMSC
population are consistent with other reports [13]. However, the hMSCs used
here are well characterized and have two distinct size sub-populations [14]. Itis
interesting that the effects of IGF-1 on proliferation are only apparent in the small
cells (5-9um) but not the larger cells (greater than 13 um). Self-renewal and
multipotency are characteristics of the small cells [14], thus suggesting that IGF-1
might increase the proportion of cells capable of differentiation into other cell
types useful for tissue regeneration.

Paracrine actions

Beneficial paracrine actions of MSCs include myocyte survival, reduction
of fibrotic scar formation [1], and with the marginal functional improvements in the
injured heart attributed mainly to enhanced formation of vessels [15]. While little

evidence that soluble factors secreted by stem cells act on differentiation and
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engraftment of myocytes, MGF-E is anti-apoptotic, possibly protecting ischemic
myocytes and preserving the injured myocardium [9].
Summary

These new findings suggest that MGF-E can enhance hMSC migration
with a mechanism dependent on the serine near the carboxyl terminal region
implicating action by phosphorylation that might modify other protein partners or
gene expression. MGF-E gene expression is increased in NRVM after 20%
cyclic strain, suggesting it is injury-related. Interestingly, although IGF-1 is not
thought to affect MSC proliferation [13], small h(MSCs do proliferate while larger
ones do not. There are complex biological responses of hMSCs to IGF
prohormone splice variants with respect to migration and proliferation. Specific
members of the IGF family may act differentially and, therefore, a combinatorial

approach may be beneficial to the overall tissue recovery after injury.
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Figure/Table Legends

Figure 1. Migration of hMSCs with MGF-E peptide. Schematic of peptides
used for migration and proliferation experiments. A. The prohormone of MGF
comprising the 70 amino acid mature IGF-1 and amino acid sequences of E-
domain of MGF (MGF-E). The native (MGF-E (nat)), stabilized (MGF-E (LD)) 24
amino acid sequences, and biologically inactive peptides created by substituting
the serine at position 18 with alanine (red) (MGF-E (S-A)), and scrambled
peptide, containing all 24 amino acids of the E-domain, including the serine
(SCR). Note: L-stereoisomer of arginine (R) is denoted by I-R and D-
stereoisomer by d-R (blue). B. IGF-1 isoform expression. Neonatal rat
ventricular myocytes and hMSC strained at 1Hz for 48hr. Gel images of IGF-1
isoform expression (IGF-1Ea, 500 bp and MGF, 550 bp bands) assessed by RT-
PCR and normalized to housekeeping genes. MGF expression denoted by
higher molecular band is only found at 20% strain in NRVM. C. Migration dose
response of hMSCs to MGF-E to determine optimal MGF-E (nat) (n=2, except for
30 ng/mL, n=6). D. Migration of h(MSCs increases with MGF-E. hMSC
migration to the bottom of a transwell migration insert as determined by increase
in fluorescence intensity as percent of no growth factor. 30 ng/mL MGF-E (nat)
or MGF-E (LD) in the bottom wells causes a significant increase in migration
compared to biologically inactive peptides, MGF-E (S-A) or SCR. Also, MGF-E
(nat) and MGF-E (S-A) do not compete. (Values are mean + SE. *, p<0.05

versus MGF-E (S-A); #, p<0.05 versus SCR, n=3 human donors).
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E. Representative images of hMSCs which migrated to the bottom of the wells

are shown for MGF-E (nat), IGF, MGF-E (S-A).

Figure 2. Proliferation of small and large hMSCs with MGF-E peptides. A.
Cell number was determined at day 0 and for No GF, IGF, and MGF-E (nat) at 4
days for 3 different human donors using the WST-1 assay. Although hMSCs
proliferate from day 0 to day 4, there was no significant difference between
treatment groups (n=3 human donors). B. Counting of cells 5-30 ym in diameter
shows similar trends as those obtained with WST-1 assay. C. Cell number of 5-
9 um is higher (* p<0.05) with IGF treatment. MGF-E (nat) or MGF-E (S-A) does
not affect 5-9 ym diameter cells. There is no difference between treatment
groups for hMSC with greater than 13 um diameter (1 human sample, n=3

experiments).
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