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Secreted trophic factors of Human umbilical cord stromal cells induce 
differentiation and neurite extension through PI3K and independent 
of cAMP pathway
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disease progression and increases survival.4–6 But, this cannot 
be applied to human patients. Hence, an alternative approach 
is needed. 

Protection against various neurodegenerative diseases (ND) 
and stroke requires regeneration of the nervous system (Central 
and Peripheral) - neurons, including axon and dendrite growth 
and networking to restore normalcy. Generation of various tis-
sue types from the embryonic7 (Thomson et al., 1998) or adult 
tissues to stem cells8–10 has caused both hype and hope for po-
tential cell replacement therapy for these diseases11,12 mainly as 
a source of trophic factor support in various diseases.8,13–15 The 
healthy stem cell based approach is essential to derive the dif-
ferentiated cells,16,17 trophic support8,13,15 and immune modu-
lation. As human ES cells are ridden with ethical controversy 
and teratoma formation, other potential human tissue based 
approach is essential. Therefore, various adult tissues are being 
explored to obtain stem cells. One of the most effective cells is 
mesenchymal stem cells (MSC) derived from bone marrow.18 
But, they have limitations like: less number of cells, invasive 
procurement and long time lag for the cells to proliferate and 
more importantly less cell homing and survival in vivo.19 More-
over, in some diseases like Amyotrophic lateral sclerosis, the 
autologous stem cells are defective.20 Hence, we explore here 
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Introduction

The secreted trophic factor (TF) signaling is 
crucial for growth, development, differen-
tiation, formation and maintenance of vari-
ous organs and complex systems.1 The TFs 
could be of various types like mitogenic – 
growth factors, cytokines and neurotroph-
ins. The neurotrophins are crucial for neu-

ronal growth, differentiation and plasticity. Some of the known 
neurotrophic factors2 are: the neurotrophin family consisting of 
nerve growth factor (NGF), brain derived neurotrophic growth 
factor (BDNF) and NT-3 which act through the tyrosine kinase 
(TrK) receptors, insulin like growth factor-1 (IGF-1), glial derived 
neurotrophic factor (GDNF) and vascular endothelial growth 
factor (VEGF) which have a TrK domain in the receptors or cou-
pled to a TrK. GDNF receptor couples to tyrosine kinase receptor 
RET. They act through complex signaling network. Interestingly, 
their downstream intracellular- signalling converges. 

One commonality between many neurodegenerative diseases 
like Alzheimer’s disease,3 Amyotrophic lateral sclerosis,4 Hun-
tington disease5 and Parkinson’s disease is reduced/impaired 
trophic support. In some diseases like ALS, transgenic or lenti-
virus mediated supplementation of trophic factors delays the 

ABSTRACT

Bacckground: Trophic factors (TFs) play important role during development and adult tissue maintenance. 
In neurodegenerative diseases (ND) TF supplementation provides protection. Stromal cells (HUMS) derived 
from the human umbilical cord matrix provide neuroprotection in the ND models of mice. 
Purpose: Though TF mediated protection is known, the exact mechanism of protection is not clear. So, 
here the essential TFs (secreted by HUMS cells) and the pathway of induction of neurite extension, differ-
entiation and networking is addressed.
Methods: The HUMS cells from the human umbilical cord matrix were derived and the mouse spinal cord 
motor neuron cell line, NSC-34 was extensively used. Flow cytometry, immunohistochemistry, RT- PCR, 
western blot, ELISA and antibody/inhibitor treatment were carried out to figure out the TF pathway.
Results: The HUMS cells secrete six neurotrophic factors (sTFs), namely, NT-3, NGF, BDNF, VEGF, IGF-1 and 
GDNF (TFs). These TFs are sufficient to induce differentiation, neurite extension and neural networking in 
a motor neuron cell line, NSC34. All the 5 TFs need to be neutralized simultaneously with their antibodies 
to abrogate neurite extension. These motor neurons express the concomitant receptors, which are either 
receptor tyrosine kinase (TrK) coupled or to the receptor followed by the TrKs, for the above trophic factors 
(except for BDNF). The tyrosine kinase inhibitor, K252a, drastically reduces neurite extension. In NSC34, the 
TFs are coupled to the PI3K–Akt–pathway and the RAS-MAP kinase signaling through phosphorylation of 
ERK1 and ERK2. PI3K inhibitor, Ly 294002, abolishes neural differentiation and neurite extension. Thus, dif-
ferentiation, neurite extension and networking could be achieved through the PI3K pathway. Intriguingly, 
the cAMP second messenger system coupling was not required. H89, PKA-inhibitor caused extensive cell 
death. But, had no effect in the presence of HUMS-secreted-TFs(HSTFs) suggesting a pathway switch for 
cell survival itself.
Conclusion: HUMS cells and their secreted factors could be of great use in regenerative medicine (RM). The 
activators of PI3K pathway, the major route of these HUMS-TFs action could be explored in RM and in the 
neurobiology of neural differentiation and extension.
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the non controversial, abundantly available tissue, (with inbuilt 
immunosuppression capacity) the human umbilical cord, to 
obtain human umbilical cord matrix stromal (HUMS) cells that 
could be provided in a scaffold or multiple times as a universal 
MSC source. 

Mesenchymal stromal cells are shown to provide protection in 
stroke through secreted trophic factor, VEGF.11 In neurodegen-
erative diseases, the exact mechanism of the TF mediated protec-
tion is not well understood. One of the anticipated protection 
mechanisms is by trophic factors which induce neural differentia-
tion, neurite outgrowth and networking. For this, they activate 
multiple signaling pathways21–23 downstream of their receptor 
tyrosine kinases or the receptors coupled to tyrosine kinase. They 
are: PI3K-Akt; Mitogen activated kinase pathway through Ras-
ERK1-Elk1 or instead of ELK1 the cAMP response element bind-
ing protein CREB; Phospholipase Cg which activates the DAG, 
Ca2+ and phosphoinositide pathway; the adaptor protein (SH2-
containing Protein Tyrosine Phosphatase-2) and Suc-Associated 
Neurotrophic Factor-Induced Tyrosine Phosphorylated Target-SNT 
signaling pathways, to name a few. 

Here, we address i) derivation of HUMS cells from the human 
umbilical cord ii) the secreted trophic factors of HUMS cells and 
iii) induction of differentiation, neurite extension and network-
ing iv) the signaling through PI3K- MAPK pathway for (iii) in the 
motor neuron cell line, NSC34 by the TFs of HUMS cells. 

Methods

In vitro culture of HUMS cells: Propagation and proliferation

The standard ethical guidelines were followed. First, the hu-
man umbilical cords were obtained just before disposal from 
full-term births from local obstetricians after informed consent. 
Then, the umbilical cord was washed several times with PBS 
to flush out the blood followed by removal of the umbilical 
blood vessels. The remaining tissue was cut into small pieces. 
The explants (~ 2- to 5-cm lengths) were placed in 60 mm cul-
ture dishes and cultured in DMEM medium with high glucose 
(Hyclone) supplemented with 10% fetal bovine serum (FBS) (In-
vitrogen), penicillin G (100 units/ml), streptomycin (100 µg/ml),  
and amphotericin B (25 mg/ml).24 The cells were incubated at 
37°C in the incubator with 5% CO2 and 95% humidity. The 
plates were left undisturbed for 5 to 7 days and thereafter 
medium was changed every 3rd day. The cells begin to appear 
in 8 to 10 days of culture. When cells reached 70% to 80% 
confluency, the cells were detached with 0.25% trypsin-EDTA 
(Hyclone) and passaged subsequently. 

Immunocytochemistry

The cells were taken and fixed with acetone (for c-KIT) at -20oC 
or 4% paraformaldehyde (for OCT-4) at room temperature 
for 15 min. The immunocytochemistry was carried out as de-
scribed in Rajan et al.25 Primary antibodies concentrations used 
were 1:10 for c-KIT and OCT-4 (Cell Signalling). Secondary an-
tibody (Jackson Immuno Research Laboratories) was used at 
1:500 dilution. All cultures were counterstained with 1mg/ml 
Hoechst 33342 (Sigma-Aldrich) to visualize the nucleus in in-
dividual cells.

FACS and ELISA

Around 70% confluent HUMS cells were harvested and stained 
with the fluorophore- tagged antibodies against CD markers 

following the provided protocols (Serotec). The quantitation of 
the TFs was carried out using the standard ELISA kits (R & D 
Systems). 

RT-PCR

Total RNA was extracted from umbilical cord MS cell cultures 
(P5-8) or the NSC34 motor neurons (27) using TRI reagent (Sig-
ma). RNA was then reverse transcribed (RT) with MMLV reverse 
transcriptase using random hexamers in the presence of RNAse 
inhibitor. Primers used are given in ( Table 1). PCR was carried 
out using Veriti Thermal Cycler (Applied Biosystems). The am-
plicons were then separated by agarose gel electrophoresis  
(1–1.8%). 

HUMS cells Conditioned Medium (CM)

HUMS cell cultures at 70% confluence were maintained in 
DMEM medium with high glucose (Hyclone) supplemented 
with 10% fetal bovine serum (FBS), penicillin G (100 units/ml), 
streptomycin (100 µg/ml), and amphotericin B (25mg/ml) at 
37°C for 48 hours. The medium of the HUMS cells referred to as 
conditioned medium (CM) from these cultures was collected, 
filtered through 0.2mm filter (Millipore) and used for neurite 
outgrowth assay.

Neurite outgrowth assay 

NSC34, a mouse spinal cord motor neuron cell line26 was plated 
at a density 1 × 103 cells/ml in 35mm culture plate(s). After  
24 hours, the medium was replaced with CM. Control NSC34 
cells were maintained in normal growth medium (DMEM sup-
plemented with 10% FBS) under the same conditions. Neurite 
outgrowth was measured after 48 and 96 hours.

Quantification of the differentiated and  
undifferentiated NSC34 cells 

Identification of the differentiated & undifferentiated NSC34 
cells was done on the basis of their characteristic size and dis-
tinctive morphology. The undifferentiated cells are smaller in 
size and generally circular in shape while the differentiated cells 
are bigger with neuronal morphology and having extensive 
neurites. Approximately 100–150 cells/field were quantified in 
each set of experiments and the fraction of differentiated cells 
was determined after 48 hours and 96 hours. 

Measurement of neurite outgrowth

NSC34 cells were viewed using phase contrast microscopy 
(OlympusI×71). Images were acquired using CCD camera  
(Jenoptik) and analysed using ImageProPlus software. Images 
were taken of 5 non-overlapping visual fields (using 10 × ob-
jective) for each culture condition and in 3 independent experi-
ments. Neurite lengths of every NSC34 cell (~100–150 cells/
field) within each field of view were measured by tracing the 
lengths of the neurites using the measurement tool of Image-
ProPlus software. 

Trophic factor neutralization/inhibitors treatment  
of the NSC34 cells 

Trophic factor neutralization with antibodies

For this, antibodies against human GDNF, BDNF, NT-3, NGF, 
VEGF and IGF-1 (SantaCruz) were used. Around 1 mg/ml an-
tibody was added to the CM and incubated with shaking for  
4 hrs at room temperature.27 
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Table 1: Primers for RT-PCR

Primer Name Sequence PCR Prdt (bp) Primer Name Sequence PCR Prdt (bp)

Oct4-FP
Oct4- RP

gacaacaatgaaaatcttca
ttctggcgccggttacagaa

218 TrkA-FP
TrkA-RP

aaccatcgtgaagagtggcct
attctctgcccagcacgtca

525

Nanog-FP
Nanog-RP

caaaggcaaacaacccactt 
tctgctggaggctgaggtat 

140 TrkB-FP
TrkB-RP

taacagcgttgacccggaga
acaattgggtatctgcaggt

362

sox2-FP
sox2-RP

tgaaccagcgcatggacagtta 
 gctgggacatgtgaagtctg 

410 TrkC-FP
TrkC-RP

agcaagactgagatcaattg 
atcacactgactgatgttcatg

502

Alk.Phs-FP 
Alk.Phs-RP

Atatgtggctctgtccaagaca
aatgtccatgttggagatgagct

350 GRa1-FP
GRa1-RP

gatcagtgcctgaaggaaca
tgcagacttcattggacatg

450

GDNF-FP
GDNF-RP

atcagttcgatgatgtcatggat
gccttctatttctggataagt

330 GRa2-FP
GRa2-RP

attgtatgactgccgctgca
cagggcagctggtgattgt

740

BDNF-FP
BDNF-RP

tgacatcattggctgacact
ttacccactcactaatactgtca

285 GRa3-FP
GRa3-RP

tgactacgagttggatgtct
tgttgaccttgctgatgaagt

550

VEGF-FP
VEGF-RP

aagttcatggatgtctatcag
cataatctgcatggtgatgt

198 VEGFR2-FP
VEGFR2-RP

acctcacctgtttcctgtat
agcacctctctcgtgattt

500

NGFb-FP
NGFb-RP

aagctgcagacactcaggat 
cgtatctatccggataaacc

394 IGF1R-FP
IGF1R-RP

agagattgcagatggcatg 
gacgctctccatgttctca

600

CNTF-FP
CNTF-RP

aagattcgttcagacctgact
agtatcattaactcctctat

311

IGF-1 FP
IGF1-RP

tcttgaaggtgaagatgcac 
ggtgcgcaatacatctcca

277

NT-3-FP
NT-3 -RP

aagctgatccaggcagatat
gtaatcctccatgagatacaa

261

Inhibitors

The inhibitor treatment was carried out following the standard 
protocols with minor modifications. For the inhibitor studies, 
initially a dose response was carried out to determine the op-
timal concentration and applied for further assays. All the in-
hibitors were purchased from Sigma Aldrich and DMSO was 
used as the solvent. These were diluted with the culture me-
dium to specific concentrations just before use. In all instances, 
the vehicle control was the same volume of DMSO. For the ty-
rosine kinase inhibitor –K252a28 – 20 nM; and PI3K inhibitor, 
Ly29400229 – 50 mM; adenylate cyclase inhibitor, SQ22536 - 
500 mM, cAMP antagonist Rolipram-cAMP – 500 mM and the 
Protein kinase A inhibitor, H89 – 20 mM30 were used. 

The NSC34 cells were plated at a cell density of 5 X102 /well in 
a 12 well plate and grown with 500 ml of either regular me-
dium or CM for 24 hrs. Then the antibodies neutralized CM/
vehicle –DMSO/inhibitor was added and maintained at 37oC 
in the CO2 incubator for 48 hrs. The motor neuron (NSC34) 
cells were scored for inhibition of neurite extension. The cells 
were viewed and photographed in an Olympus IX71 inverted 
microscope. 

Cell Viability 

Cell viability was determined by the standard MTT assay. Briefly, 
the cells were washed with PBS twice, followed by the addition 
of 1ml of 5mg/ml MTT in PBS and incubated at 37oC for 3 hrs. 

This solution was removed and 1 ml of formazan solubilizing 
solution was added, kept for 15 min., solubilised and O.D. was 
measured at 570 nm.

Western Blotting

Western blotting was carried out as described in Rajan et al.25 

Statistical Analysis 

Mean, standard deviation and P values were calculated us-
ing the Statistical Analysis software Sigma Plot 10.0. In all the 
graphs the error bars represent standard deviation. The P values 
were determined using t-test. 

Results

Derivation and propagation of HUMS cells

When the human umbilical cord Wharton jelly devoid of the 
blood and blood vessels were placed in the regular culture me-
dium in vitro, colonies started growing from them (Fig. 1A-a). 
From these, individual cells could be obtained (Fig. 1A-b). These 
cells, when passaged, became the source of the HUMS cells. The 
HUMS cells could be maintained in in vitro cultures for more 
than 4 months. These were mixed population of cells. The HUMS 
cells were positive for several pluripotency markers like OCT-4 
(Fig. 1B- and b) & c-KIT (Fig.1 B- c & d), nanog, sox -2 and alkaline 
phosphatase (Fig. 1C). These cells were CD44+ CD73+ CD90 + 
CD105 + CD34+ and HLA-DR- (Fig. 1 D).
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Fig. 1: Derivation and characterization of HUMS cells. 
A. a. The HUMS cells are forming from the colony. b. Individual HUMS cells in vitro. Scale bar- 20 mm. 
B. & C. HUMS cells are positive for pluripotency markers B. a. OCT-4 –green; Scale bar- 50 mm.
C. C-KIT- green; b & d. Merged with the nuclear DNA staining (blue). C. RT-PCR for pluirpotentcy markers – nanog, sox-2, alkaline phosphatase and oct-4. 
D. The HUMS cells are CD44+CD73+ CD90+CD105+ and HLA-DR–. 

Neurotrophic factors of the HUMS cells and their signaling 
pathway for differentiation, neurite extension and  
networking in the motor neuron cell line 

The MSCs are known to home in the injured site and provide 
protection through paracrine factors and immune modula-
tion. Hence, we measured the neurotrophic factors secreted 
by the HUMS cells. First, we carried out the expression analysis  
(Fig. 2A), quantitated the content and determined their func-
tionality (Fig. 2B and C).

Expression analysis

The HUMSs were expressing an array of trophic factors. They 
were expressing the neurotrophin family of trophic factors, NGF, 
BDNF and NT-3 (Fig. 2A) as determined by the mRNA expression 
RT-PCR. Interestingly, all the three neurotrophic factors are ex-
pressed in the HUMS cells. We further analysed the expression 
of other trophic factors which act as neurotrophic factors for 
neurons, namely, GDNF, IGF-1, VEGF and CNTF. Of these, except 
CNTF the other three TFs were expressed (Fig. 2A- RT-PCR). Thus, 
the HUMS cells were expressing several trophic factors. Of these, 
the neurotrophin family TFs, BDNF, GDNF and NT-3 are expressed 
at high levels (Table 2). The rest of the three trophic factor levels 
were below the detection of spectrophotometric ELISA method. 
Then we addressed whether these trophic factors are functional.

Functionality of the neurotrophic factors secreted  
by the HUMS cells

HUMS cells conditioned medium (CM) induce differentiation in 
the motor neuron cell line, NSC34.

The well established mouse spinal cord motor neuron cell line, 
NSC34 mostly remain undifferentiated under normal conditions. 
The undifferentiated cells are smaller, generally grow in clusters 
or aggregates and have rounded morphology (Fig. 2B-a). After 
treatment with CM, there was significantly higher number of dif-
ferentiated cells (Fig. 2B-b and 2C), which increased with time 
(Fig. 2C). Differentiated NSC34 cells exhibited typical neuronal 
morphology (Fig. 2B-b), were bigger in size and had long charac-
teristic neurites. A proportional increase in the number of differ-
entiated cells (Fig. 2C) clearly seen after 48 hours and 96 hours 
of CM treatment further validates the functionality of trophic 
factors present in the conditioned medium.

HUMS cells CM induce neurite extension and  
networking of the motor neurons

Generally, neurotrophic factors induce differentiation and neu-
rite outgrowth in the neuronal cells. The secreted-TFs from the 
HUMS cells, present in the CM robustly induced differentiation, 
neurite extension (Fig. 2B-b, arrows) and more importantly  
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networking (shown in the black square Fig 2B-b) in the mouse 
spinal cord motor neuron cell line, NSC34 (Fig 2B-b, D). The 
neurites’ extension increased with longer incubation with the 
CM. Around 0.6 mm long neurite extension could be achieved 
when the NSC34 motor neurons were treated with CM for  
6 days. Thus, proving that the TFs expressed in the HUMS cells 
are functional and they can induce differentiation and neurite 
outgrowth (arrows) (Fig. 2B-D). Moreover, only when we in-
hibited all the 5 TFs with their respective antibodies simulta-
neously, the neurite extension was abolished (Fig. 3B) to the 
control level indicating several backup mechanisms for neurite 
extension in the motor neurons.

Trophic factor mediated neurite extension is dependent  
on tyrosine kinase

In order to determine that the trophic factors and their sig-
naling contributed to neurite extension, we determined the 
expression of receptors for the TFs that were found to be 
secreted by HUMS cells. Except for the BDNF receptor, Trk B,  
the motor neuron cell line expressed the receptors for NGF- 
TrkA; NT-3- TrkC; GDNF- GDNFRa1, a2 and a3; VEGF recep-
tor–Flk-1 or VEGFR2; IGF1 receptor -IGF1R as determined 
by RT-PCR (Fig. 3A). Further, to reinforce that the TFs are 
indeed functional and acting through their tyrosine kinase 
pathway, we treated the motor neuron cells with the TrK in-
hibitor, K252a. K252a had the effect in a narrow window of  
20 nM. At 2 nM the motor neurons cells were healthy with 
long processes (data not shown) while 20 nM shortened the 
processes drastically. The higher concentration of 200 nM be-
came toxic to the cells with a flattened and bloated appear-
ance with thin neurites in few cells. The reduction in neurites 
with K252a provides the evidence that TFs are acting through  
the TrKs.

Fig. 2: HUMS cells expressed- trophic factors and their functionality. 
Trophic factor expression- RT-PCR : 1- BDNF, 2- GDNF, 3- NT-3, 4- NGF, 5-VEGF, 6- IGF-1 and 7- CNTF. B-D. Functionality of HUMS cells secreted trophic 
factors in the CM. 
B. Motor neuronal cells, NSC34, are: a. rarely differentiated; b. Neuronal differentiation, extensive long neurite outgrowth and networking upon CM 
treatment; Arrows- neurite extension; Square –several neurites networking. Scale bar = 100 mm.
C. ~3 fold and ~5 fold neuronal differentiation upon 48 hrs and 96 hrs CM treatment respectively. 
D. CM induces extensive long neurite outgrowth. Statistical significance- ** -P<0.001. Error bars represent standard deviation. 

Table 2: Trophic factors quantitation

Trophic Factor Quantity (ng/ml)

BDNF 2.4 ± 0.059 

GDNF 2.4 ± 0.56

NT-3 1.2 ± 0.035
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The TFs act through the PI3K and MAPK pathway

Though the TFs use multiple pathways to bring about neuro-
nal differentiation and neurite outgrowth, the pathway utilized 
will depend on the cell type. One of the important pathways 
is through PI3K-Akt. When the motor neurons cells in the CM 
was treated with the PI3K inhibitor Ly294002, the neurite exten-
sion and differentiation was completely abolished at the rou-
tinely used concentration of 50 mM (Fig. 4B-c). Hence, PI3K –Akt 
pathway is the major player in the motor neuron differentiation 
and neurite extension. Additionally, the motor neurons utilize 
the MAPK pathway of RAS- ErK1/2 as ErK1/2 is strongly phos-
phorylated (~30% increase) upon CM treatment (Fig. 5 A & B). 
Thus, these two pathways seem to be the major pathways in the 
motor neurons for differentiation and neurite extension. 

The TFs act independent of the cAMP pathway

To further understand the signaling cascades activated by the 
TFs in the motor neurons, we treated the motor neurons with 
and without CM with cAMP pathway activators forskolin (ad-
enylate cyclase activator), Dibutyryl cAMP (dbcAMP – analog of 
cAMP). Both these treatments did not induce any differentia-
tion of neurite extension in the motor neurons without CM. No 
increase in the differentiation, neurite extension and network-
ing was noticed with these cAMP activators in the presence of 
the cAMP activators. But the motor neurons do require opti-
mal cAMP signaling as these cells were dead in the presence of 
higher concentration of forskolin or H89 the Protein kinase A 

Fig. 3: Neurotrophic factors requirement for neurite extension. 
A. TF receptors expression in the motor neuron cell line. 
B. Five trophic factors expressed/secreted by HUMS cells are required for 
neurite extension. CM induces extensive long neurite outgrowth in the 
motor neuron cell line, NSC34, which is inhibited by the simultaneous 
neutralization with all the 5 Trophic Factors’ antibodies excluding BDNF. 
Statistically significant. **- P<0.001. 

Fig. 4: Mechanism of induction of neurite extension. 
A. TF receptors tyrosine kinases are needed for neurite extension, Inhibition with TrK inhibitor K252a, drastically reduces neurite extension. a. Control 
+DMSO; b) CM; c) CM+DMSO; d) CM+K252a. Scale bar = 100 mm.
B. The TFs activate the PI3K- Akt pathway in the motor neurons for neurite extension. a. control; b. CM; c. CM + Ly294002 – PI3K inhibitor blocks dif-
ferentiation and neurite extension. Scale bar = 100 mm.
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Fig. 5: Identification of the signal cascade coupling for motor neuron differentiation. 
Phosphorylation of the MAP kinases ERK1 and ERK2 is increased upon CM treatment of motor neurons. A. Ctrl- Control –without CM treatment. 
Treated - CM treatment B. Fold increase in ERK1/2 phosphorylation upon CM treatment. P<0.01.

inhibitor. Similarly, treatment with the inhibitors of the cAMP 
pathway, SQ22536 and Rp-cAMP did not have any effect on 
the motor neurons with and without CM (Fig. 6). Thus, the mo-
tor neurons do not require the cAMP cascade for differentia-
tion and networking in the presence of the CM.

CM switches the Motor neuron cell line survival pathway

Despite generally known as the specific cAMP pathway Protein 
kinase A inhibitor, H89, completely inhibits MSK1, ROCKII and 
RSK or S6K in in vitro kinase assay. In order to inhibit PKA, we 
treated the motor neuron cells with H89. This led to almost 
complete death while motor neurons treated with CM did not 
show cell death (Fig. 7A and B). Intriguingly a pathway switch 
is happening for cell survival itself, when the TFs in the CM 

are inducing differentiation and neurite extension in the motor 
neurons. Moreover, H89 induces more extensive networking in 
the CM treated motor neurons suggesting that a combination 
of HUMS. cells and H89 could be tried for the protection in the 
ALS model mice/rats. 

Discussion

Stem cells have given hope for the treatment of chronic and 
fatal diseases which currently have no treatment. The poten-
tial source of stem cells vary from embryonic stem cells, au-
tologous bone marrow derived mesenchymal stem cells and 
induced pluirpotent stem cells by reprogramming of autolo-
gous tissues.10 But, the autologous approach will not be ap-
plicable in situations where the derived MSCs too are defective. 

Fig. 6: TFs mediated differentiation, neurite extension and networking is independent of the cAMP pathway. 
a -d: Ctrl – Control; e-h – CM - Conditioned medium treated; c & g: SQ22536; d& h: Rp-cAMP. Inhibition of adenylate cyclase (SQ22536) or treatment 
with cAMP antagonist (Rp-cAMP) did not affect neurite extension by CM. Scale bar = 100 mm.
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For example, in ALS, MSCs from either patients or ALS model 
are defective.20 Hence, an allologous source is crucial to treat 
such diseases. Towards this, here, we have derived Matrix stro-
mal cells from the human umbilical cord (non-controversial, 
highly abundant with inbuilt immunosuppression) (Fig. 1) and 
characterized them for the expression of pluripotency mark-
ers like c-Kit,32 Oct-4, nanog,33 sox-2 and alkaline phospha-
tase (Fig. 1D) and their capacity to induce neurite outgrowth  
(Fig. 2), networking and the pathway (Fig 3–7) through which 
this process is brought about. 

Earlier reports have shown that human umbilical cord could 
be a good source of HUMS cells.24 The HUMS cells are CD44+ 
CD73+ CD90 + CD105 + CD34+ and HLA-DR- (Fig. 1C).31 Here, 
we show that the HUMS cells secret six trophic factors NT-3, 
NGF, BDNF, GDNF, VEGF and IGF-1 but not CNTF. Of these, the 
neurotrophin family TFs, BDNF, GDNF and NT-3 are expressed 
at high levels of 2.414 ± 59 ng/ml, 2.4 ng/ml and 1.2 ng/ml,  
respectively. More importantly, the TF containing CM induced 
extensive neurite extension and networking in the mouse spi-
nal cord motor neuron cell line, NSC34.26 Unlike the DRG neu-
rons, where NGF and BDNF blocking could suffice,34 the motor 
neuron cell line needed all five trophic factors to be neutral-
ized to abrogate differentiation and neurite extension. While 
the motor neuron cell line expressed the receptors for all the 

trophic factors, the common TF, BDNF receptor TrKB was con-
spicuously absent (Fig. 4A) in NSC34. This opens a new window 
for treating/activation of neurite extension and neurogenesis 
independent of BDNF in neurodegenerative diseases as well as 
in the complex process of learning and memory.

Trophic factors are known to act through multiple signaling 
cascades which are essentially determined by the cell type. In 
the CM- treated motor neurons neurite extension, the involve-
ment of Trk receptors are validated through their inhibition 
with (20 nM) K252a (Fig. 5A). Further, in order to delineate 
the specific signaling cascade, we treated these NSC34 cells 
with and without CM with PI3K inhibitor. The TF signaling was 
predominantly brought about through PI3K-Akt pathway as 
evidenced by the inhibition of neurite extension by the PI3K 
inhibitor, LY294002 (Fig. 4B).28 Further the MAPK pathway 
of Ras - ERK1/ERK2 is utilized as evidenced by the increased 
phosphorylation of ERK1/2 (Fig.5). The major corroborating 
evidence is neural regrowth after spinal cord injury through 
PI3K pathway.35 Hence, PI3K-Akt pathway activation could be 
explored in the context of development and in regeneration.

Generally, motor neurons are known to utilize cAMP signaling 
for axon regeneration by overcoming the inhibition of reticulon 
receptor NOGO.30 Strangely, though the NSC34 motor neuron 

Fig. 7: A & B. CM switches the pathway for motor neuron cell survival. 
a. Control; b. CM +DMSO; c. CM + H89. 
H89 treatment causes cell death in the control but not in the CM treated motor neurons. Scale bar = 100 mm.
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cell line expresses choline acetyl transferase for synthesizing ace-
tylcholine and generate action potential upon depolarization, 
they did not utilize the cAMP pathway for neurite extension (Fig. 
6). While overstimulation with the cAMP pathway activator for-
skolin25 or the Protein Kinase A inhibitor, H89, caused cell death, no 
neurite extension was noticed upon cAMP pathway stimulation 
as determined by us (data not shown) and reported.36 Another  
important observation is the switching of pathway for CM –  
induced differentiation, neurite extension and networking in 
the NSC34 motor neurons as evidenced by H89 treatment. Nor-
mally, H89 induced cell death of the NSC34 cells (Fig. 7). CM 
treatment could rescue the NSC34 motor neurons from the cell 
death. H89, though commonly used as a Protein Kinase An in-
hibitor, could inhibit S6Kinase, MSK1 and ROCKII with equal po-
tency. In addition, several more kinases are partially inhibited by 
H89.36 As neither the adenylate cyclase inhibitor, SQ22536, nor 
the cAMP antagonist, Rp-cAMP brings about the same effect as 
H89; cAMP activated protein kinase A pathway is not involved. 
Further characterization is needed to identify the specific path-
way involved in the H89 induced cell death. Deciphering this 
pathway could potentially unravel impairments in the neurode-
generative diseases which lead to neuronal degeneration. 

More importantly, the motor neurons (NSC34) responded to 
the trophic factors secreted by the HUMS cells and showed ex-
tensive neurite extension and robust networking. This strongly 
reinforces the motor neuron disease mouse model studies 
where several trophic factors have been shown to provide pro-
tection against motor neuron disease.4,37 Thus, the HUMS cells 
and their secreted factors is a viable approach to induce neurite 
extension and networking and could be applied to regenerative 
medicine, more specifically, neurodegenerative diseases. A bet-
ter means to provide the HUMS cells and maintain them viable 
over a longer duration in vivo will help to harness the tremen-
dous potential of the HUMS cells. 
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