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A critical role for p38MAPK 
signalling pathway during 
reprogramming of human 
fibroblasts to iPSCs
Irina Neganova, Valeria Chichagova, Lyle Armstrong & Majlinda Lako

Reprogramming of somatic cells to induced pluripotent stem cells (iPSCs) holds enormous promise for 
regenerative medicine. Reprogramming is a stepwise process with well-defined stages of initiation, 
maturation and stabilisation which are critically dependent on interactions between key pluripotency 
transcription factors, epigenetic regulators and signalling pathways. In this manuscript we have 
investigated the role of p38 MAPK signalling pathway and have shown a subpopulation- and phase-
specific pattern of activation occurring during the initiation and maturation stage of reprogramming 
in partially and fully reprogrammed cells respectively. Downregulation of p38 MAPK activity via RNA 
interference or small molecule inhibitor led to cell accumulation in G1 phase of the cell cycle and reduced 
expression of cell cycle regulators during the initiation stage of reprogramming. This was associated 
with a significant downregulation of key pluripotency marker expression, disruption of mesenchymal 
to epithelial transition (MET), increased expression of differentiation markers and presence of partially 
reprogrammed cells which retained a typical gene expression profile of mesendodermal cells and were 
unable to progress to fully reprogrammed phenotype. Together our data indicate an important role 
for p38 MAPK activity in proliferation, MET progression and establishment of pluripotent phenotype, 
which are necessary steps for the development of human iPSCs.

Mitogen-activated protein kinase (MAPK) pathways are activated mainly by environmental stress and cytokine 
stimuli, generating diverse cellular responses including cell proliferation, differentiation, migration and apop-
tosis. Four distinct subgroups within MAPKs have been identified including extracellular signal-regulated 
kinases (ERKs), c-jun N-terminal kinases (JNK/SAPK), ERK/Big MAP kinase 1 (BMK1) and the p38MAPK 
group of protein kinases. There are four members in the p38 MAPK family: p38α  (MAPK14), p38β  (MAPK11), 
p38γ  (MAPK12) and p38δ  (MAPK13). Activation of the p38 pathway varies in different cells and is depend-
ent on the nature of physiological or stress stimuli. Similarly to other MAPKs, p38 kinases are activated by the 
mitogen-activated protein kinase kinases (MAPKKs) which include MEKK4, ASK1, ASK2 and TAK1. This in 
turn causes the activation of map kinases MKK3, MKK6 and to a lesser extent MKK4, which leads to phospho-
rylation of p38 kinases, targeting substrates in both the cytoplasm and the nucleus. In the cytoplasm, p38 MAPK 
family members phosphorylate other kinases such as MNK1/2, while in the nucleus they activate a large range 
of transcription factors (for example ATF2, Elk1, p53 and STAT1) which are involved in DNA damage response, 
apoptosis, inflammation, developmental processes and cellular proliferation1.

Deficiency of p38α  in mouse models results in embryonic lethality, due to defective placental organogenesis, 
suggesting a dispensable role in mouse embryogenesis, whilst being essential for placental development2,3. Mouse 
embryonic stem cells (mESCs) lacking p38α  and β  were generated and shown to be able to differentiate into 
endothelial, smooth muscle and epithelial cells4. Nevertheless their differentiation potential and commitment to 
cardiomyocytes was compromised5.

Contradicting reports exist to date on the role of p38 MAPK during somatic cell reprogramming to generate 
induced pluripotent stem cells. For example, it has been shown that constant activation of MKK6 is detrimental 
to the reprogramming of mouse embryonic fibroblasts, whilst activation of MKK3, hyperosomosis driven p38 
MAPK activation6 or application of a specific p38β  inhibitor increases the number of iPSC colonies7,8, suggesting 
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that the impact of p38 on reprogramming may depend on the mode of its activation. The role of p38 MAPK activ-
ity during the reprogramming of human somatic cells has not been studied to date. Furthermore, signalling path-
ways that maintain and promote pluripotency in human embryonic stem cells (hESCs) and induced pluripotent 
stem cells (iPSCs) are different to the ones that operate in the mouse system9. For example, the MAPK pathway is 
required to maintain pluripotency and promote self-renewal in hESCs10, whereas inhibition of MAPK signalling 
can support self-renewal of mESCs11 which indicates that the role of MAPK signalling during reprogramming of 
human somatic cells cannot be inferred directly from the mouse cells.

Different components of the p38 pathway participate in tumor suppression by controlling a variety of cel-
lular responses such as replicative senescence, contact inhibition and DNA-damage responses12–15. In normal 
non-transformed cells, oncogene activation may trigger senescence16 which has been shown to provide an effec-
tive barrier to iPSC generation17. Since Klf4 and c-Myc are known oncogenes, and OCT4 expression has been 
linked to tumor progression to a cancer stem cell phenotype18 it is difficult to exclude involvement of onco-
gene induced signalling in reprogramming. In accordance with this, it has been shown that constitutively-active 
HRAS, a member of the Ras oncogene family, significantly reduces iPSC colony generation7, whilst inhibition of 
stress activated JNK/SAPK signalling abrogates human iPSC generation19, suggesting that the action of onco-
gene signalling may be important during various stages of reprogramming. Dissecting the functions of a spe-
cific signalling pathway during reprogramming would increase our understanding of the cellular and molecular 
processes involved in the process and enable identification of new methods to increase its efficiency19,20. In this 
manuscript we studied the expression of key components of the p38 MAPK signalling pathway and tested its role 
in reprogramming by applying small molecule inhibitors or downregulating p38α expression using RNA inter-
ference. Both approaches point to a critical role for the activity of this pathway during reprogramming of human 
fibroblasts to iPSCs.

Results
Generation of iPSCs by the Yamanaka factors induces activation of p38MAPK. The activation 
of p38 MAPK signaling by different stress signals is well documented in diverse cellular systems. To clarify if p38 
MAPK is activated during the generation of human iPSCs, we analysed the expression of MKK3, MKK6 and p38α  
expression in neonatal (Neo1) and adult fibroblasts (Ad3), iPSCs clones derived therefrom and hESCs (H9). The 
expression of MKK3 did not differ between hESCs, neonatal and adult fibroblasts; however the iPSC clones gen-
erated from neonatal fibroblasts demonstrated a lower level of expression (Fig. 1a). Gene expression analysis also 
revealed reduced levels of p38a MAPK in the neonatal and adult fibroblasts, as well as iPSCs clones derived there-
from when compared to hESCs (Fig. 1a). This was also confirmed by western immunoblotting which indicated 
a reduced expression of a phosphorylated form of p38 MAPK (Thr180/Tyr182) which is indicative of p38MAPK 
activity21 (Fig. 1b). Similarly, a higher level of expression was observed for the upstream activator of p38MAPK, 
MKK6, in hESCs when compared to fibroblasts and iPSC clones (Fig. 1a).

To figure out the involvement of p38 in hiPSC generation, we reprogrammed neonatal and adult fibroblasts 
with the Yamanaka factors (OSKM) and assessed protein expression of phospho-p38 (Thr180/Tyr182) MAPK 
during the initiation, maturation and stabilization phases of reprogramming22 (Fig. 1c). A biphasic pattern of 
p38 activation was observed with an initial increase observed at day 6 in neonatal fibroblasts (Neo1) and day 12 
for adult fibroblasts (Ad3), followed by a decrease at day 21 and a second increase in expression at day 26 which 
represents the stabilization stage of reprogramming (Fig. 1c). To identify which subcellular populations expressed 
the activated form of p38MAPK, we performed flow cytometric analysis at different time points employing the 
TRA1-60 and CD44 markers to distinguish between fully reprogrammed (TRA1-60+CD44−) and partially repro-
grammed (TRA1-60+CD44+) cells as described in our recent publication19. This analysis indicated a high level of 
activated p38 MAPK expression at the initiation stages of reprogramming (Day 3) in the partially reprogrammed 
cells (TRA1-60+CD44+) which declined during the 30 day time course (Fig. 1d). At the same time the fibroblasts 
that fail to reprogram (TRA1-60−CD44+) showed an increase in expression of activated p38MAPK between days 
3 and 6 of reprogramming, probably reflecting the cellular response to virus infection. However, this expression 
declined from day 14 onwards reaching a similar level to that of day 0 by the end of reprogramming period. 
In contrast, the expression of activated p38 MAPK increased from day 6 to reach peak levels at day 14 of the 
maturation stage of reprogramming in the fully reprogrammed cells (TRA1-60+CD44−) before declining grad-
ually towards the end of reprogramming period (Fig. 1d). Together these data indicate a subpopulation- and 
phase-specific pattern of activated p38 MAPK expression during reprogramming which deserves further in depth 
investigations as shown in the following results sections.

Inhibition of p38 MAPK by small molecule inhibitors abrogates generation of human iPSCs.  
To explore the functions of p38MAPK during somatic cell reprogramming, we utilized pyridinyl imidazole, 
SB202190 (p38i), a small molecule known to inhibit the p38MAPK kinase activity23 (Fig. 2a). Given the early 
activation of the p38 pathway at the early stages of reprogramming in most of the subcellular populations studies 
(Fig. 1d), we applied this p38 inhibitor at different time points during the first ten days of reprogramming (a day 
before the start of reprogramming or at days 4 and 8 as shown in Fig. 2b). Regardless of the application timing, 
we observed the emergence of transduced cells (showing characteristic morphological changes different to those 
of fibroblasts) which went on to form iPSC colonies in the control group but were detached and lost in the p38 
inhibitor treated groups during the maturation stage of reprogramming (Fig. 2b and c). Flow cytometric analysis 
confirmed a significant reduction in the fraction of partially and fully reprogrammed cells from day 13 in the p38 
inhibitor treated cultures of neonatal and adult fibroblasts (Fig. 2d and Suppl. Figure1), and no impact on the 
fibroblasts themselves (TRA1-60−CD44+). This was further corroborated by the reduced number of AP +  colo-
nies on day 16 and the complete absence of such colonies on day 28 of reprogramming in both neonatal and adult 
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fibroblasts (Fig. 2e and f). Together these data suggest that p38 MAPK activity is required for the development of 
human iPSC colonies during the maturation stage of reprograming.

Reprogramming of p38a deficient fibroblasts results in loss of human iPSC colonies. Application 
of small molecule inhibitors allows molecular investigations at specific but transient time windows during the 
reprogramming process. To investigate if continuous reduced levels of p38 MAPK activity affect somatic cell 
induced reprogramming, we generated stable knockout neonatal and adult fibroblast cell lines by shRNA knock-
down of the α  isoform of p38MAPK (p38α shRNA thereafter) and subjected these to OSKM reprogramming as 

Figure 1. Phase and subpopulation specific p38MAPK signalling during reprogramming of human 
fibroblasts. (a) Quantitave RT-PCR analysis of MKK3, MKK6 and p38 MAPK expression in H9 (p35), 
neonatal human fibroblasts (Neo1), adult human fibroblasts (Ad3) and iPSC generated therefrom (Neo1 
clone 2, Neo1 clone 5, Neo1 clone 6, Neo1 clone 7, Ad3 clone 2, Ad3 clone 2 and Ad3 clone 7). Data represent 
relative expression to GAPDH and were normalized against H9. Data are presented as mean ±  S.E.M. Student 
t-test was carried out to detect significant changes between hESCs (H9) and neonatal and adult fibroblasts 
and respective iPSC. *p <  0.05; **p <   0.01; (b) Western blot analysis showing expression of the total form 
of p38MAPK and phospho p38 (Thr180/Tyr182) MAPK in hESC (H9), neonatal human fibroblasts (Neo1), 
adult human fibroblasts (Ad3) at Day 0 and iPSC derived therefrom. Cropped images of at least three repeats 
are shown for purpose of clarity; (c) Western blot analysis showing expression of the total form of p38MAPK 
and phospho-p38 (Thr180/Tyr182) MAPK during the time course of reprogramming of neonatal (Neo1) and 
adult (Ad3) fibroblasts. Days of transduction =  D. GAPDH served as loading control. Images are representative 
of at least three independent experiments and are cropped; (d) Graphic representation of the percentage 
of p‐p38MAPK positive cells at different cellular populations (TRA1‐60 +  /CD44‐, TRA1‐60 +  /CD44 +  and 
TRA1‐60‐/CD44 +  ) during the reprogramming of neonatal (Neo1) fibroblasts assessed by flow cytometric 
analysis. Data are presented as mean ±  S.E.M, n =  3.
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indicated in the previous section. Gene expression analysis confirmed the successful downregulation of p38α in 
both cell lines (Fig. 3a and b), which was reconfirmed at day 7 of reprogramming both at the level of gene and 
protein expression (Fig. 3c, c’). By day 11 of reprogramming, iPSC colonies were observed in both the control 
and p38α shRNA transduced fibroblasts; however the latter started to disaggregate by day 13 and were com-
pletely lost by day 16 thus corroborating the data obtained with the small molecule inhibitor (Fig. 3d). Flow 
cytometric analysis demonstrated an initial increase in the percentage of partially reprogrammed cells at day 11. 
However, the fraction of fully reprogrammed (TRA1-60+CD44−) cells was significantly reduced at days 13 and 

Figure 2. Application of p38MAPK inhibitor (SB202190) abrogates iPSC generation. (a) Western blot 
analysis of p-p38MAPK downregulation by SB202190 (p38MAPKi) in hESCs (H9). GAPDH is used as a 
loading control. Images are representative of at least three independent experiments. Cropped images of at 
least three repeats are shown for purpose of clarity; (b) Schematic representation of inhibitor application 
(p38i) at Day 8 during the reprogramming process; (c) Phase–contrast observation showing the morphology 
of partially reprogrammed colonies arising during the reprogramming of Neo1 fibroblasts treated with DMSO 
or p38MAPKi for 24 hours at Day 8, scale bars =  100 μ m; (d) Graphic representation of flow cytometric 
data analysis indicating a significant impact of p38MAPKi (i) application on the percentage of TRA1‐60 +  /
CD44− , TRA1‐60+ /CD44 +  and TRA1‐60‐/CD44 +  cells at Days 10, 13 and 16. Results are presented as 
mean ±  S.E.M, C: Control; i: p38MAPK inhibitor. Student t-test was carried out to detect significant changes 
between Control and p38MAPKi group, *p <  0.05; (e) Graphic representation of the colony numbers at Days 
16 and 28 of reprogramming in p38MAPKi and DMSO treated Neo1 and Ad3 fibroblasts. Data are presented 
as mean ±  S.E.M, n =  3. Student t-test was carried out to detect significant changes between Control and 
p38MAPKi group, *p <  0.05; (f) Alkaline phosphatase staining at Day 16 confirmed the absence of a large AP+  
colonies with a typical morphology from Neo1 and Ad3 fibroblasts undergoing reprogramming and treated 
with p38MAPKi at Day 8 of transduction for 24 hours.
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Figure 3. Inhibition of p38α MAPK signalling prevents generation of human iPSCs. (a) and (b) Assessment 
of p38α MAPK downregulation in neonatal (A) and adult (B) fibroblasts by quantitative RT‐PCR analysis. 
Data represent relative expression to GAPDH, normalized against Control shRNA. Results are presented as 
average ±  S.E.M, n =  3, Student t-test was carried out to detect significant changes between Control shRNA 
and p38α shRNA group, *p <  0.05; (c) Confirmation of p38α MAPK downregulation by quantitative RT‐
PCR analysis during reprogramming of Neo1 fibroblast at days 1 and 7. Data represent relative expression to 
GAPDH, normalized against Control shRNA. Results are presented as average ±  S.E.M, n =  3, *p <  0.05;  
(c’) Western blot analysis of p38MAPK downregulation by RNAi in p38α shRNA transduced Neo1 fibroblasts at 
day 7. GAPDH is used as a loading control. Images are representative of at least three independent experiments. 
Cropped images of at least three repeats are shown for purpose of clarity; (d) Phase‐contrast images of the  
Neo1 fibroblasts morphology treated with Control shRNA and p38α shRNA at day 0 and colonies arising 
during reprogramming of the control and p38α MAPK deficient Neo1 fibroblasts at Days 11 and 18.  
Scale bar =  100μ m; (e) Graphic representation of flow cytometric data analysis indicating a significant impact 
of p38α shRNA downregulation on the percentage of TRA1‐60 +  /CD44‐ and TRA1‐60 +  /CD44 +  cells at 
Days 13 and 18. Results are presented as mean ±  S.E.M, n =  3. Student t-test was carried out to detect significant 
changes between Control shRNA and p38α shRNA group, *p <  0.05.
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18 of reprogramming when compared to control shRNA cells (Fig. 3d). No AP +  colonies were obtained from 
reprogramming of p38α shRNA transduced fibroblasts (data not shown), supporting our findings with the p38 
MAPK inhibitor and strongly suggesting that p38 MAPK activity is important for the maturation window of 
reprogramming.

To understand how downregulation of p38 MAPK affects reprogramming, we first addressed the expression 
of pluripotency markers by quantitative RT-PCR analysis (Fig. 4a). The p38α shRNA cells expressed pluripotency 
genes at a higher level on day 7 when compared to control shRNA transduced cells. Some of the pluripotency 
genes (OCT4 and NANOG) maintained this higher expression at day 11. This trend was however reversed with 
the majority of the pluripotency genes being significantly downregulated at day 18 which suggests loss of human 
iPSC colonies from culture, a block in reprogramming process and/or differentiation of newly emerged iPSCs. 
To investigate this in more detail we performed gene expression analysis with a large number of differentiation 
markers (endoderm: SOX17, GATA4; ectoderm: SOX1, PAX6, NESTIN, FGF5; mesoderm: T, FOXA2, MSX2, 
MIXL1 and trophoectoderm: CDX2), the majority of which were significantly upregulated in p38α shRNA trans-
duced fibroblasts from day 7 of reprogramming (Fig. 4b). We also paid close attention to two pluripotency and 
mesendodermal markers, NODAL and LEFTY1, whose expression has been reported to rise dramatically as cells 
transit from the initiation to the maturation and stabilization stage of reprogramming23. The early upregulation 
of these two genes during the initiation stage of reprogramming is thought to reflect setting of a mesendodermal 
gene expression pattern in cell undergoing reprogramming as shown byTakahashi, et al.23. The second wave of 
upregulation (day 10 onwards) is thought to reflect the establishment of a pluripotent gene program in emerging 
and established human iPSC colonies22. We were able to observe this pattern of increased NODAL and LEFTY1 
expression from day 7 to day 18 of reprogramming in control shRNA cells (Fig. 4b). However, in p38α shRNA 
treated cells, expression of these two markers was very high at the initiation stage of reprogramming (day 7) but 
did not show the expected drastic upregulation from day 7 to day 18 as shown in control shRNA treated cells (for 
LEFTY 7.2 fold change in control vs 2.7 in the p38α shRNA group and for NODAL 1454 fold change in control vs 
2.96 fold in the p38α shRNA group). This suggests that upon p38 MAPK downregulation, the cells undergoing 
reprogramming do not make the transition from partially reprogrammed cells (characterized by mesendodermal 
gene expression pattern) to fully reprogrammed cells. It is interesting to note that inhibition of p38 MAPK activ-
ity also led to a significant increase in expression of SMAD2 and SMAD3, two key effectors of the TGFβ /Activin 
A signaling pathway which controls maintenance of pluripotency in hESCs via direct binding and regulation 
of NANOG transcription24 as well as priming the expression of tissue specific genes allowing differentiation to 
mesendodermal lineages25. Whilst these data may suggest a direct cross talk between p38 and TGFβ /Activin A 
signalling as demonstrated by work performed in other cell types25,26 it may also provide an underlying reason for 
the enhanced and precocious expression of mesendodermal markers at the initiation stages of reprogramming 
upon p38 MAPK inhibition as reported herein.

Downregulation of p38 MAPK activity results in altered cell cycle progression. Human ESCs 
proliferate rapidly with a characteristic cell cycle structure of a short G1 phase, which serves to prevent differ-
entiation27,28 These cells are also characterised by a high CDK activity and downregulation of CDK2 or CDK1 
expression induces their irreversible differentiation28,29 A direct link between maintenance of the pluripotent state 
and cell cycle regulation is well established. Previously, we demonstrated that Nanog directly regulates CDK6 and 
CDC25A expression30, whilst others described direct regulation of CDK1 and CDK2 by OCT4 and SOX2 respec-
tively31,32. Acceleration of cellular proliferation and acquisition of the typical pluripotent stem cell cycle profile is 
one of the important prerequisite for successful generation of iPSCs33 Hence we examined the expression of the 
downstream targets of p38MAPK which are important for proliferation and migration of cells (Fig. 5a), namely 
c-JUN, ATF2 and ELK1 which appeared to be downregulated in p38α shRNA cells. In addition, the expression 
of key cyclin dependent kinases and their interacting cyclins were significantly downregulated in p38α shRNA 
group at day 7 of reprogramming (Fig. 5b). Furthermore, flow cytometric cell cycle analysis revealed that about 
80% of p38α shRNA cells accumulated in G1 phase of the cell cycle (Fig. 5c). Therefore, accumulation in G1 phase 
of the cell cycle with reduced expression of proliferation markers may be one of the underlying factors for the 
complete lack of human iPSC colony formation observed upon p38 MAPK downregulation.

Impairment of MET upon p38 MAPK downregulation. During gastrulation, epithelial to mesenchy-
mal transition (EMT) is necessary for migration of mesodermal cells through the primitive streak in the posterior 
region of the epiblast. These morphogenetic movements are mediated by regulated changes in cell adhesion34 and 
completion of EMT is dependent on downregulation of E-Cadherin and the acquisition of mesenchymal gene 
expression. Two pathways act independently to regulate E-Cadherin in the primitive streak to allow migration 
of mesodermal cells. Fgf2/Snail acts at the transcriptional level to downregulate E-Cadherin and p38 MAPK and 
p38-interacting protein (p38IP) act to downregulate and to destabilize E-Cadherin protein35 Thus, p38MAPK and 
p38IP are required for the downregulation of E-Cadherin during gastrulation. The reprogramming of somatic 
cells towards iPSCs is critically dependent on the opposite program: mesenchymal to epithelial transition36 
(MET) which results in the downregulation of mesenchymal markers (N-Cadherin) and upregulation of epi-
thelial markers (E-Cadherin). Based on these previously published data we expected that downregulation of p38 
MAPK activity would enhance E-Cadherin expression and promote MET. Indeed, our immunocytochemical 
and qRT-PCR analysis of genes participating in MET transition revealed a significant upregulation of E-Cadherin 
expression at initiation stage of reprogramming (day 7 and day 11) in the p38α shRNA group (Fig. 6a); however 
its expression declined towards day 18 of reprogramming and was also associated with an increase in N-Cadherin 
expression (Fig. 6a–e), highly suggestive of a disturbed balance between E-cadherin and N-cadherin expression. 
In contrast, cells treated with control shRNA showed the expected upregulation of E-Cadherin expression during 
the maturation stage of reprogramming indicating progression of MET37 It is known that fully reprogrammed 
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iPSCs have high levels of E-Cadherin but lack expression of N-Cadherin, whereas cells that do not completely 
convert to iPSCs retain N-Cadherin expression38 In view of this, increased expression of N-Cadherin could 
directly reflect the block in the reprogramming process which was highlighted in the previous results section. 

Figure 4. p38α MAPK downregulation results in reduced expression of pluripotency genes and precocious 
expression of mesendodermal markers. (a) Quantitative RT-PCR analysis of OCT4, NANOG, KLF4, SOX2 
and C-MYC in reprogrammed Neo1 Control shRNA and p38α MAPK deficient cells at Days 7, 11 and 18. 
Results are presented as relative expression and normalised to Control shRNA at day 7. Data are presented as 
mean ±  S.E.M, n =  3. Student t-test was carried out to detect significant changes between Control and p38α 
shRNA group. *p <  0.05; (b) Quantitative RT-PCR analysis of CDX2, SOX17, GATA4, LEFTY1, SOX1, PAX6, 
NESTIN, FGF5,T, FOXA2, MIXL1, MSX2 and NODAL during the time course of Neo1 Control shRNA and 
p38α shRNA reprograming. Results are presented as relative expression and normalised to Control shRNA at 
day 7. Results are presented as mean ±  S.E.M, n =  3, *p <  0.05; (c) Quantitative RT-PCR analysis of SMAD2 
and SMAD3 expression at Neo1 Control shRNA and p38α shRNA transduced cells at Days 7, 11 and 18. 
Results are presented as relative expression and normalised to Control shRNA at day 7. Results are presented as 
mean ±  S.E.M, n =  3, *p <  0.05.
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Maintenance of E-Cadherin expression is also important for cell to cell communication, cell survival and main-
tenance of pluripotency,39,40 thereby dysregulation of its expression could explain the loss and disaggregation of 
iPSC colonies at the maturation stage of reprogramming as well as the onset of differentiation for the remaining 
adherent cells, which is also supported by decreased expression of pluripotency markers (KLF4, OCT4, NANOG 
and c-MYC) at day 18 of reprogramming. In conclusion, our data indicate that MET transition is impaired upon 
p38 MAPK downregulation leading to loss and disaggregation of “bona fide” iPSC colonies, creating a roadblock 
in progression of reprogramming and/or encouraging the differentiation of newly formed iPSCs.

Discussion
The discovery that overexpression of four transcription factors can revert differentiated cells to iPSCs offers 
immense potential for autologous cell-replacement therapies, drug screening and generation of in vitro models of 
human disease41. Despite great advances made in the last ten years, the efficiency of reprogramming remains low 
and our understanding of the process still incomplete. Large scale shRNA screens have revealed a large number of 
genes that affect reprogramming as a barriers or enhancers in both human42 and mouse cells43. Several signalling 
pathways have been implicated in the reprogramming process, including BMP44, G-protein receptor, hypoxia 
mediated, JAK-STAT, NFkB, NOTCH, TGFβ  and FGF2 signalling7,45–48 We recently demonstrated an important 
role for stress activated JNK1/SAPK signalling in overcoming the reprogramming barriers encountered during 
the initiation stage of reprogramming including acceleration of cellular proliferation and progression of MET19. 
p38α , a key member of stress activated MAPK, is the main isoform expressed in hESC shown to be involved 
in the maintenance of pluripotency differentiation balance in conjunction with p53 signalling and methionine 
metabolism49. In this manuscript we investigated the role of activated form of p38 MAPK during somatic cell 
induced reprogramming and found that it is highly expressed in partially reprogrammed human cells in the ini-
tiation stage of reprogramming and fully reprogrammed cells in the maturation stages of reprogramming, which 
implies an important role in transition from the initiation to maturation stage. Indeed, inhibition of this pathway 
using a small molecule inhibitor applied during the initiation stage resulted in the loss of true bona fide human 
iPSC colonies and survival of partially reprogrammed cells. Similarly, inhibition of this pathway by RNAi led to 
cell accumulation in G1 phase of the cell cycle, a significant reduction in expression of proliferation and cell cycle 
progression markers, maintenance of a higher level of differentiation markers and presence of partially repro-
grammed cells which retained a typical gene expression profile of mesendodermal cells and which were unable to 
progress to fully reprogrammed phenotype as shown by an increased N-cadherin and reduced E-cadherin expres-
sion. These results do corroborate some of the work carried out in mouse fibroblasts which show a detrimental 
role for activators of p38MAPK pathway (namely MKK6) during somatic cell induced reprogramming6. At the 
same time, they contradict recent published data indicating that inhibition of p38β  via a small molecule inhibitor 

Figure 5. p38α MAPK downregulation results in changes in the expression of key genes involved in cell 
cycle progression and proliferation. (a) and (b) Quantitative RT-PCR analysis of c‐JUN, ATF2 and ELK1 
(a) and E2F2, CDK2, CDK6, CDK1, CYCLIN D1, CYCLIN B1 (b) in Control shRNA and p38α shRNA Neo1 
transduced cells at Day 7 of reprogramming. Results are presented as mean ±  S.E.M, n =  3, *p <  0.05;  
(c) Graphic representation of flow cytometric cell cycle analysis of Control and p38α  shRNA treated cells  
during the reprogramming process at Day 7. Results are presented as mean ±  S.E.M, n =  3. *p <  0.05.
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increases the efficiency of reprogramming process in MEF8. Together, these data suggest potential differences 
in the role that this pathway may have during the reprogramming of human versus mouse somatic cells which 
may be related to the different signalling pathways used by mouse and human cells with respect to maintenance 
and induction of pluripotency9,10. To be able to elucidate these differences in detail, one will need to perform the 
experiments side by side in human and mouse cells under identical conditions. Nevertheless, since our research 
focus is on human pluripotent stem cells and their differentiation to functionally relevant cell types for disease 

Figure 6. Downregulation of p38α MAPK results in alteration of MET progression and increased 
expression of N‐Cadherin. (a) Quantitative RT-PCR analysis of E-CADHERIN (E-CAD) and N-CADHERIN 
(N-CAD) expression at Days 7, 11 and 18 in Control and p38α shRNA Neo1 reprogrammed fibroblasts. 
Results are presented as relative expression and normalised to Control shRNA at day 7. Data are presented as 
mean ±  S.E.M, n =  3. Student t-test was carried out to detect significant changes between Control and p38α 
shRNA group. *p <  0.05; (b–e) Immunofluorescence staining of transduced Control and p38α MAPK deficient 
Neo1 fibroblast for E‐CADHERIN (b and c), and N‐CADHERIN (d and e) together with TRA1‐60 (green) and 
DAPI (blue) on Days 11 and 18 of reprogramming assessed by confocal microscopy. Scale bars represent  
100 μ m. Images are representative of at least three independent experiments.
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modelling and clinical therapies, in this manuscript we have focused our attention on the role of p38 MAPK dur-
ing reprogramming of human somatic cells.

The increased activity of p38 MAPK observed during the early stages of reprogramming in partially and fully 
reprogrammed cells as shown in our study may suggest an important role for this pathway in the emergence 
of partially reprogrammed cells and/or their transition to fully reprogrammed state. Hence we anticipated that 
downregulation of this pathway would negatively affect generation of iPSC colonies. However, the results we 
obtained were of both beneficial and harmful nature depending on the time window of reprogramming and cellu-
lar subpopulation being investigated. First, the number of partially reprogrammed cells was increased (although 
they did not form defined colonies with tight borders) upon stable downregulation of p38 MAPK activity. This 
was associated with an increased expression of pluripotency markers, E-cadherin and SMAD2 and SMAD3, 
two key effectors of TGFβ /Activin signalling pathway which has been reported to have a significant impact on 
the maintenance of pluripotency in conjunction with FGF2 signalling via upregulation of NANOG expres-
sion. Together these findings suggest that p38 inhibition may have some beneficial impacts at the early stages 
of reprogramming by activating TGFβ /Activin signalling leading to a higher propensity to generate partially 
reprogrammed cells as well as enhancing MET transition through the increased E-cadherin expression. Whilst 
MET is an important factor for successful reprogramming, other key processes including enhanced cellular pro-
liferation and acquisition of a cell cycle profile more akin to iPSC33,50 are crucially important for the generation 
of iPSC colonies. Inhibition of p38 MAPK activity had a negative impact on both cellular proliferation and cell 
cycle progression resulting in cell accumulation in G1 phase of the cell cycle during which cells are more likely to 
be exposed to differentiation signals. Furthermore, the partially reprogrammed cells were unable to progress to 
true iPSC or retain the necessary E-cadherin/N-cadherin expression balance which is essential for progression 
of reprogramming and generation of stable iPSC colonies. These events in combination led to loss of human 
iPSC colonies and survival of partially reprogrammed cells which retained a higher than normal expression of 
differentiation markers. Together these data indicate that levels of p38 MAPK activity need to be regulated very 
precisely during the reprogramming window to ensure maintenance of a fine balance between an enhanced cellu-
lar proliferation (which is needed for reprogramming to succeed to the next stage), initiation of MET and setting 
of a pluripotency gene expression programme, steps which are all critical for the maturation and stabilisation of 
iPSC colonies as shown in schematic Fig. 7.

It is of interest to note that the expression of two TGFβ /Activin A signalling target genes (NODAL and LEFTY) 
also increased in the early initiation stage of reprogramming upon downregulation of p38 MAPK activity. In 
addition to impacting on maintenance of pluripotency, the TGFβ /Activin signalling pathway is as also involved 
in establishing a mesendodermal gene expression programme. Both of these impacts of TGFβ /Activin signalling 
are reflected in the increases we have observed in the expression of differentiation markers and in particular the 
markers that characterise the mesendodermal and pluripotent cells (such as NODAL and LEFTY). During the 
reprogramming, cells with a typical profile of mesendodermal cells appear first; however they progress from this 
partially reprogrammed stage to fully pluripotent phenotype by the stabilisation stage of reprogramming23. This 
transition is marked by gradual increases in expression of NODAL and LEFTY which we have also observed in 
our control cultures as they go through the reprogramming process. Notwithstanding this, cells with reduced p38 
MAPK activity seem to be “blocked” at this early mesendodermal stage of reprogramming as this gradual increase 
in of NODAL and LEFTY expression is not observed during the reprogramming time course. Whilst this phenom-
enon is disadvantageous for full reprogramming, it can be used to direct conversion of fibroblasts to cell lineages of 
interest (for example mesendoderm) by adding p38 MAPK inhibitors in the early stages of the conversion process.

Figure 7. Schematic summary showing the impacts of p38MAPK signalling on iPSC generation. 
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Currently it is difficult to reconcile the increased and precocious expression of SMAD2/3 and NODAL/
LEFTY1 in p38α deficient cells as it was shown that p38MAPK is required for the maximal Activin/Nodal sig-
nalling and for the Smad2 phosphorylation leading to it activity during specification of the anterior visceral 
endoderm in the mouse post-implantation embryo25. A recent report51 has indicated that key cell cycle regulators 
(Cyclin D1-3) control differentiation signals such as the TGFβ /Smad2-3 pathway, hence increased expression of 
these two effectors could be an indirect consequence of cell accumulation in G1 rather than direct interaction 
between p38 MAPK and TGFβ  signalling pathways. Smad3 was recently identified as one of the strongest repres-
sors of the hiPSCs generation51, thus its increased expression at the maturation stage of reprogramming could 
be an additional factor for the loss and degradation we observed during reprogramming of p38 deficient fibro-
blasts. It may be possible that these more extensive impacts we observed upon p38 MAPK inhibition are achieved 
through changes in DNA methylation as demonstrated during reprogramming of murine fibroblasts undergoing 
hyperosmosis driven p38 activation6 and which merit further investigations for human fibroblast reprogram-
ming. It is also likely that p38 MAPK affect different subcellular populations in different ways and in co-operation 
with other signalling pathways. For example, cross talk between different signalling pathways can be synergistic 
(e.g.–p38MAPK and JNK in neural differentiation) or antagonistic (e.g.p38MAPK and ERK in adipocyte differ-
entiation of ESC)5. This complexity is further increased by the role of chromatin modifications which are also in 
part regulated by MAPK during hESC differentiation resulting in lineage commitment decisions as shown by 
the precocious appearance of partially reprogrammed cells with a mesendodermal gene expression pattern upon 
p38 inhibition. The data we have obtained in this paper are a clear reflection of complexity one encounters whilst 
working with heterogeneous and changing cellular subpopulations and highlight the need for further studies in 
enriched subcellular populations which emerge during the reprogramming process52.

In conclusion, we have demonstrated a stage- and subpopulation-specific activation of p38 MAPK activity 
during somatic cell induced reprogramming of human fibroblasts. Furthermore, we have demonstrated that inhi-
bition of p38 MAPK activity results in cell accumulation in G1 phase, downregulation of important cell cycle 
regulatory components, disruption of MET, an unbalanced and precocious expression of mesendodermal genes 
and inability to transit from a partially to fully reprogrammed state leading to loss of human iPSC colonies at the 
maturation stage of reprogramming as illustrated in Fig. 7, thus demonstrating a critical and indispensable role 
of this pathway for iPSCs generation.

Materials and Methods
hiPSC generation and cell culture. CytoTune‐iPS 2.0 Sendai reprogramming kit (A16517, Invitrogen) 
was used for IPSC derivation as described recently19. Human neonatal and adult dermal fibroblasts were pur-
chased from Lonza and were cultured as described earlier28.

RNA interference. Stable downregulation of human p38α MAPK in human neonatal and adult fibroblasts was 
carried out using lentiviral based MISSION shRNAs (TRCN0000000510) according to the manufacturer’s proto-
col (Sigma). Cell culture and selection of the stable clones was performed as described19.

Western immunoblotting. Protein extraction, western blotting and antibody/antigen complex detection were 
performed as published previously28. Primary antibodies were p38MAPK (Cat N 9212) and phospho-p38MAP-
K(Thr180/Tyr182) both from Cell Signalling. The antibody to GAPDH (Abcam, ab9485) was used as a loading 
control.

Immunocytochemistry and confocal microscopy. Immunocytochemistry was performed as 
before (Neganova et al.19). Primary antibodies used in this study were anti-TRA-1-60 FITC conjugate (Merck 
Millipore), anti-E-Cadherin (Cell Signaling Technology), anti-N-Cadherin (BD Biosciences) and DAPI 
(diamidino-2-phenylindole) was from Thermo Fisher. The images were acquired with a Nikon A1R laser scan-
ning confocal microscope (Nikon, http://nikon.com) using a CFl Plan Apochromat VC 20× /0.75 objective as 
described19.

Quantitative RT-PCR. Cells were harvested and total RNA was extracted using TRIzol (Invitrogen, 15596–026), 
according to manufacturer’s instructions. All steps performed as described before19. Samples were normalised 
using GAPDH. All DNA oligonucleotide sequences are listed in Suppl. Table 1.

Flow cytometric analysis. Cells were disassociated using Versene (EDTA) (Lonza), washed with PBS and fixed 
in paraformaldehyde (PFA; 2% final concentration in PBS) at 37 °C for 10 minutes. After washing with PBS, the 
cells were permeabilised with pre-chilled methanol (−18 °C) and incubated at 4 °C for 30 minutes, followed by a 
washing step. 0.2–0.5 ×  106 cells were resuspended in a total volume of 200 μ l PBS containing 1% BSA and incu-
bated with appropriate amounts of anti-CD44-BV421 (Cat.N.562890, BD Biosciences; 1:300 dilution), anti-TRA-
1-60-FITC (Cat. N. FCMAB115F, Merck Millipore; 1:100 dilution) and Phospho-p38 MAPK (Cat. N. 4552, Cell 
Signaling Technology; 1:50 dilution; Mouse mAb Ig1 Isotype Control Alexa Fluor 647 Conjugate Cat. N.4843, 
Cell Signaling ) monoclonal antibodies for 1 hour on a shaker, plate in the dark at room temperature. Finally, 
samples were washed using BD FACS™  Lyse Wash Assistant (BD Biosciences) and immediately analysed on a 
flow cytometer. FACS analysis was performed using BD FACS Canto II flow cytometer with FACSDiva software 
(BD Biosciences). A minimum of 20,000 events were recorded for each sample. Fluorescence minus One control 
(for each antibody) was used to gate the subpopulations.

Alkaline Phosphatase detection was performed with Alkaline Phosphotase detection kit (SCR004, Millipore) 
according to manufacture instructions.

http://nikon.com
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Statistical analysis. Student t‐test analysis was used to assess differences between Control and p38α shRNA 
groups. The results were considered significant if p <  0.05.
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