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Abstract. – OBJECTIVE: ISL1 is a pioneer 
transcription factor that plays important roles in 
cell lineage specification and differentiation, by 
programming the epigenome and recruiting ad-
ditional regulatory factors. The aim of this study 
is to determine whether the human breastmilk 
contains ISL1-positive stem cells, and, if so, to 
describe the subcellular localization of ISL1. 

MATERIALS AND METHODS: Breast milk 
was obtained from fourteen healthy females 
during the first 2-6 months of lactation. Cell mor-
phology was examined in the breast milk with the 
automatic ThinPrep® processor (Hologic® Inc.) in 
commercial Cytological ThinPrep® solution (Ho-
logic® Inc.), followed by standard immunohisto-
chemical staining of ISL1.

RESULTS: ISL1 had a granular diffuse cytoplas-
mic localization, with varying intensity of staining 
in both single and grouped cells. Nuclear staining 
was also present, as was staining of intracellular 
and extracellular vesicles with ISL1 antibody. 

CONCLUSIONS: These preliminary results 
suggest that ISL1 could distinguish a readily 
available source of putative stem cells in human 
breast milk. These stem cells may complete the 
network created between the mother and the 
newborn during gestation, thereby improving 
the efficiency of programming and reprogram-
ming postnatal events.
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Introduction

The mammary gland is a metabolically active 
dynamic organ that undergoes significant chang-

es during pregnancy, lactation, and involution1. A 
recent work2 has suggested that stem cells are an 
integral component of human breast milk, and they 
are identified through their expression of various 
stem cell markers. Certain types of cells present 
in breast milk are able to pass through the infant’s 
gastrointestinal tract and populate distant sites such 
as the spleen, liver, and lymph nodes3. By isolat-
ing and expanding this adult stem cell population, 
it has been possible to study their pluripotency in 
various cell culture conditions and confirm their 
ability to differentiate into different cell lineages4,5. 

There is communication between breast milk 
components and the natural host, and some re-
searchers consider this system a temporary or-
gan6-8. The maintenance of stem/progenitor cells 
and their differentiation fate in mammary milk 
follows a well-defined genetic/epigenetic pro-
gram. This program is implicated in controlling 
the homeostatic balance between self-renewal and 
differentiation state during pregnancy and lacta-
tion. Even though results may be strongly influ-
enced by the in vitro conditions used9, breast milk 
cultured stem cells have been shown to be reac-
tive for multiple mesenchymal stem cell markers 
like CD44, CD29, SCA-1, and negative for others 
like CD33, CD34, CD45, CD73, confirming their 
identity as mesenchymal stem cells10. 

It has been proposed that, similar to other mes-
enchymal stem cell compartments, a hierarchical 
organization of cells exists within milk that has 
the potential to program or reprogram various 
types of human tissue, thereby contributing to 
proper lactation growth and development8,11. 
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An example of the capacity of stem cells to 
change in progressive subgroup type during em-
bryogenesis and afterward was recently described 
during cardiomyocyte maturation. In this case, an 
important role is played by the ISL1 transcription 
factor, which is able to influence at least two or 
three different cell lineages of cardiomyocytes12-14. 

ISL1 is a LIM-HD transcription factor, origi-
nally identified as a protein that can bind to an 
insulin gene enhancer and regulate its expres-
sion15. The ISL1 gene contains six exons, located 
on chromosome 13 in mouse and chromosome 5 
in human. The LIM-homeodomain (HD) proteins 
are an evolutionarily conserved superfamily of 
transcription factors that play fundamental roles 
in cell differentiation, cell fate determination, and 
the generation of cell diversity and segmental pat-
terns during embryogenesis16.

Cardiac ISL1 expression is transient and pro-
motes successive conversion into an early car-
diomyocyte identity. It seems that rather than 
stabilizing a transient precursor, ISL1 serves to 
accelerate specific cardiac cell differentiation17. 
Several studies18-22 have also revealed that ISL1 is 
expressed in multiple tissues and cell types, in-
cluding islet cells18, neurons19, cardiac progenitor 
cells (CPCs)12, incisor epithelium20, hindlimb bud 
cells21, and in the developing human uterus14,22.

ISL1 is expressed in multiple organs not only 
during embryogenesis but also during the entire 
lifespan23. 

Recent studies24 have revealed multifaceted roles 
for ISL1 in epigenetic and transcriptional regulation. 
Interestingly, ISL1 may act as a pioneer transcrip-
tion factor to shape the chromatin landscape. Pio-
neer factors are a specialized subset of transcription 
factors, with the capacity to bind specific DNA se-
quences within closed chromatin, triggering remo-
deling of the chromatin landscape to allow access of 
non-pioneer transcription factors25. In this study we 
analyze the possibility that mesenchymal milk stem 
cells could be positive for ISL1, suggesting a role for 
these cells in milk development.

Materials and Methods

Breast Milk Cells
Breast milk cells were isolated from 14 heal-

thy voluntary females during the first 2-6 mon-
ths of lactation. Fresh milk, diluted with an equal 
volume of Dulbecco’s phosphate-buffered saline 
(DPBS; pH 7.4; Gibco; Fisher Scientific Italia, 
Strada Rivoltana Km 4, 20053 Rodano, MI, Italy) 

was centrifugated at 810 g for 20 min at 20°C. 
The fat layer and liquid were removed, and the 
cell pellet was washed twice with DPBS. The 
pellet was fixed with Thin-Prep solution (Holo-
gic, Inc. www.hologic.com), and the cell samples 
were processed for immunocytochemistry analy-
sis using cell slides prepared with the Thin Prep 
5000 Processor (250 Campus Drive Marlborough, 
MA, USA). The presence of milk cells was mo-
nitored in slides colored with hematoxylin-eosin.

Immunocytochemistry Staining
Antibodies for ISL1 were used for immu-

nocytochemistry. Sample preparation was perfor-
med using standard validated cytologic protocols 
(ThinPrep Preserv Cyt solution, ThinPrep 5000 
system, https://www.hologic.com). The Ventana 
automated stains system (http://diagnostics.roche.
com) was used for immunocytochemistry stai-
ning, and a qualitative analysis was performed by 
three different pathologists, comparing the reacti-
vity in slides of the same sample using an indivi-
dual scoring system (morphological parameters, 
% of number of stained cells, area, and intensity 
of the stain).

Results

Figure 1 shows an example of cells isolated 
with simple centrifugation from a sample of fresh 
human milk. These cells were fixed and stained 
using cytological methods routinely used in our 

Figure 1. An example of cells isolated with a simple centrif-
ugation from fresh human milk. These cells, fixed and stained 
using our cytological methods routinely used in our laborato-
ries, are characterized by different morphological aspects, un-
derling the presence of a heterogeneous cell population. 
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laboratories and have variable morphology, un-
derling the presence of a heterogeneous cell pop-
ulation.

As for other stem cell markers already de-
scribed in the literature, ISL1 distinguishes a 
subclone of staminal cells with different morpho-
logical characteristics (Figure 2). In particular, we 
found mono and binucleate cells (Figure 2 B, C) 
with different greatness (Figure 2A). 

We generally observed granular diffuse cyto-
plasmatic expression in grouped and single posi-
tive cells (Figure 3). Additionally, we observed a 
range of intensity levels of ISL1 expression within 
both single and grouped cells (Figure 4 A, D, E), 
varying from a few spots to intense cytoplasmic 
positivity (Figure 4 B, D). Rare cases of nuclear 
positivity were also noted, as shown in Figure 5.

Another peculiarity of ISL1-positive cells is the 
presence of intracellular (Figure 6 A-B) or extra-
cellular (Figure 6 C, D, E, F) vesicles. In some 
cases, these vesicles are ISL1-positive (Figure 6 
A, B, C, D, E, F) and in other cases, they are neg-
ative for ISL1 (Figure 6 E, F). 

It is worth noting that exosomes and vesicles 
have already been described in breast milk and 
that the presence of various molecules inside 
these vesicles could be an important strategy of 
cell communication26.

Discussion

Mammals are, in part, defined by breastfeeding, 
but our understanding of the components of hu-
man milk is still limited. Stem cell and non-stem 
cell constituents of human milk have recently been 
intensely studied. Fascinating ideas have emerged 
from these reports, relating to the biological me-
chanisms of infant-mother communication2,27,28.

Previous research2,29 has demonstrated that 
human maternal milk contains a significant 
population of hematopoietic and mesenchymal 
stem cells, as well as a larger number of myoep-
ithelial progenitors, cell adhesion molecules, 
immune cells, growth factors, and vesicles. 
This report represents the first description of 
a subpopulation of milk cells characterized by 
ISL1 positivity, adding to the growing under-
standing of the complex composition of human 
maternal milk.

The homeodomain transcription factor LIM 
ISL1 plays a key role in several cell-to-cell com-
munication modes. ISL1 plays essential roles in 
cell proliferation, differentiation, and survival 
during both embryonic and postnatal life. The 
number and the type of ISL1-positive cells varies 
amongst diverse species including mice, rats, and 
humans13.

Figure 2. An example of cells isolated with a simple centrifugation from fresh human milk. These cells, fixed and stained 
using our cytological methods routinely used in our laboratories, are characterized by different morphological aspects, 
underling the presence of a heterogeneous cell population.
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Figure 4. The intensity of the ISL1 expression is variable from a few spots (A-B) to an intense cytoplasmatic positivity (C-D).

Even if ISL1 exerted a specific role in the de-
velopment of the pancreas, the expression and 
functions of this protein have been extensively 
studied in different organs. 

ISL1 positively modulates melatonin synthesis 
in the pineal gland and plays an important role 

in maintaining the daily circadian rhythm30. This 
protein was defined as an undifferentiated precur-
sor in the embryonic and adult heart31. It is also 
involved in nervous system growth32-34, forming 
two different types of multi-protein complexes in 
the spinal cord and forebrain and triggering the 

Figure 3. Grouped (A, B) and single (C, D) ISL1 positive cells, with a granular diffuse cytoplasmatic expression.

A B

C D
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Figure 5. In rare cases, ISL1 nuclear 
positivity was also noted.

Figure 6. ISL1 positive and negative cells with intracellular (A-B) and extracellular vesicles (C-D). In some cases, these 
vesicles are ISL1 positive, and in others negative (E-F).

generation of cholinergic neurons in embryonic 
neural stem cells. Interestingly, these cholinergic 
genes include enzymes that synthesize acetyl-
choline and proteins required to package acetyl-
choline into vesicles14,35, something which we 
also found in our samples (Figure 6). 

One possible explanation for the presence of 
ISL1-positive cells in maternal milk is that the 
human brain rapidly develops during the first two 
years following birth36. The possible, pioneering 
transcription function of ISL1 in the epigeneti-
cs of cardiomyocyte cell fate37-38 and post-natal 
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angiogenesis and vasculogenesis39 were recently 
studied.

Pioneer transcription factors have the ability to 
scan partial DNA sequence motifs that are expo-
sed on the surface of a nucleosome and thus access 
silent genes that are inaccessible to other transcrip-
tion factors40. This unique ability to open closed 
chromatin and activate gene expression is impor-
tant in developmental networks41. The presence of 
ISL1 in the nucleus, as shown in Figure 5, could be 
an indication of this pioneer transcription activity. 

Inappropriate expression of pioneer transcription 
factors and the creation of chimeric pioneers throu-
gh mutations or chromosomal translocations have 
also been described during neoplastic evolution42.

It has been shown that ingested stem cells in 
milk can be transferred in the neonatal body to 
different compartments. It is, therefore, plausible 
that these ISL1-positive cells may contribute to 
the control of postnatal cellular embryonic pre-
cursor compartments.

From this perspective, the breastfeeding period 
can be considered a progression of the fetal prenatal 
programming postnatally. As a pioneer transcription 
factor of cell fate, ISL1 can engage naïve chromatin 
to induce hierarchical lineage-specific regulatory 
networks, improving the efficiency of programming 
and reprogramming postnatal event13,43,44.

The presence of ISL1-positive cells in milk and 
their potential role in lactation development adds 
to the growing understanding of the complex in-
teractions and communication between the moth-
er and the neonate during this period.

Conclusions

In conclusion, this preliminary study sugge-
sts a possible role for milk staminal cells and 
ISL1-positive vesicles in neonatal development. 
The possibility that the growth of some organs 
may continue after birth underlines the role of 
breastfeeding as a continuous and beneficial acti-
vity during postnatal growth. Further studies 
are required to understand the precise nature of 
ISL1-positive breast milk stem/progenitor cells 
and to explore their potential clinical applications, 
as recently suggested45.

Conflict of Interest
The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that 
could be construed as a potential conflict of interest.

Acknowledgements
The authors would like to thank all the mothers who con-
tributed to this research by giving their precious milk.

Funding
The authors acknowledge the financial support of Fondazi-
one Banco di Sardegna, Cagliari, Sardinia, Italy and, the fi-
nancial support of Regione Autonoma Sardegna.

Ethics Approval
All procedures were approved by the Ethic Human Stud-
ies Committee of the University Medical Centre of Cagliari 
(No. Prot. PG/2022/795) and were conducted according to 
the instructions of the Declaration of Helsinki.

Informed Consent
All participants provided written informed consent.

Availability of Data and Materials
Data is contained within the article. Dr. Pichiri G had 
full access to all of the data in the study and took respon-
sibility for the integrity of the data and the accuracy of 
the data analysis. All authors approved the final version 
before submission.

Authors’ Contribution
Conceptualization: Monica Piras, Giuseppina Pichiri. 
Data curation: Marco Piludu, Gavino Faa, Germano 
Orrù. Investigation: Marco Piludu, Gavino Faa, Stefa-
no Coni, Lachowicz Joanna Isabella, Jaremko Mariusc, 
Germano Orrù. Immunohistochemical analysis: Flavi-
ana Cau, Alessandra Scano, Raffaele Murru. Methodol-
ogy: Pierpaolo Coni and Marco Piludu. Project adminis-
tration: Monica Piras, Giuseppina Pichiri and Marco Pi-
ludu. Resources: Giuseppina Pichiri. Supervision: Moni-
ca Piras and Giuseppina Pichiri.
Validation: Marco Piludu, Stefano Coni, Gavino Faa, 
Lachowicz Joanna Isabella, Jaremko Mariusc. Germa-
no Orrù; Immunohistochemical analysis, Flaviana Cau, 
Alessandra Scano, Raffaele Murru; Pichiri Giuseppina 
and Monica Piras. Visualization: Marco Piludu. Writing - 
original draft: Monica Piras, Pierpaolo Coni and Giusep-
pina Pichiri. Writing - review and editing: Monica Piras 
and Pierpaolo Coni.

ORCID ID
Monica Piras: 0000-0002-1068-1781
Pierpaolo Coni: 0000-0001-5602-8887
Marco Piludu: 0000-0003-1917-0475
Joanna Isabella Lachowicz: 0000-0003-4644-761X
Mariusz Jaremko: 0000-0002-0787-702X
Gavino Faa: 0000-0002-6129-0975
Flaviana Cau: 0000-0001-6205-4555
Alessandra Scano: 0000-0002-4385-8002
Giuseppina Pichiri: 000-0001-8700-8854



M. Piras, P. Coni, M. Piludu, S. Coni, J.I. Lachowicz, et al

8848

References

 1) Yang X, Wang H, Jiao B. Mammary gland stem 
cells and their application in breast cancer. On-
cotarget 2017; 8: 10675-10691.

 2) Indumathi S, Dhanasekaran M, Rajkumar JS, Su-
darsanam D. Exploring the stem cell and non-
stem cell constituents of human breast milk. Cy-
totechnol 2013; 65: 385-393. 

 3) Hassiotou F, Heath B, Oz Ocal O, Filgueira L, 
Geddes D, Hartmann P, Wilkie T. Breastmilk stem 
cell transfer from mother to neonatal organs. 
FASEB J 2014; 28: 216.

 4) Hosseini SM, Talaei-Khozani T, Sani M, Owrangi 
B. Differentiation of human breast-milk stem cells 
to neural stem cells and neurons. Neurol Res Int 
2014; 2014: 807-896. 

 5) Pacheco CMR, Ferreira PE, Saçaki CS, Tannous 
LA, Zotarelli-Filho IJ, Guarita-Souza LC, de Carval-
ho KAT. In vitro differentiation capacity of human 
breastmilk stem cells: A systematic review. World J 
Stem Cells 2019; 11: 1005-1019. 

 6) Bode L, McGuire M, Rodriguez JM, Geddes DT, 
Hassiotou F, Hartmann PE, McGuire MK. It’s alive: 
microbes and cells in human Stem cells in human 
breast milk and their potential benefits to mother 
and in-fant. Adv Nutr 2014; 5: 571-573.

 7) Witkowska-Zimny M, Kaminska-El-Hassan E. Cells 
of human breast milk. Cell Mol Biol Lett 2017; 22: 11. 

 8)  Hassiotou F, Hartmann PE. At the dawn of a new 
discovery: the potential of breast milk stem cells. 
Adv Nutr 2014; 5: 770-778. 

 9) Fan Y, Chong YS, Choolani MA, Cregan MD, 
Chan JK. Unravelling the mystery of stem/progen-
itor cells in human breast milk. PLoS One 2010; 5: 
14421.

10) Patki S, Kadam S, Chandra V, Bhonde R. Human 
breast milk is a rich source of multipotent mesen-
chymal stem cells. Hum Cell 2010; 23: 35-40. 

11) Zhou L, Yoshimura Y, Huang Y, Suzuki R, Yokoya-
ma M, Okabe M, Shimamura M. Two indepen-
dent pathways of maternal cell transmission to off-
spring: through placenta during pregnancy and 
by breast-feeding after birth. Imm 2000; 101: 570-
580.

12) Cai CL, Shi Y, Chu PH, Pfaff SL, Chen J, Evans S. 
Isl1 identifies a cardiac progenitor population that 
proliferates prior to differentiation and contributes a 
majority of cells to the heart. Dev Cell 2003; 5: 877-
889. 

13) Laugwitz KL, Lam J, Gruber P, Chen Y, Woodard S, 
Lin LZ, Cai CL, Lu MM, Reth M, Platoshyn O, Yuan 
JX, Evans S, Chien KR. Postnatal isl1+ cardioblasts 
enter fully differentiated cardiomyocyte line-ages. 
Nature 2005; 433: 647-653. 

14) Ren J, Miao D, Li Y, Gao R. Spotlight on Isl1: A Key 
Player in Cardiovascular Development and Dis-
eas-es. Front Cell Dev Biol 2021; 9: 793605. 

15) O Karlsson, S Thor, T Norberg, H Ohlsson, T Ed-
lund. Insulin gene enhancer binding protein Isl-1 is a 
member of a novel class of proteins containing both 

a homeo-and a Cys–His domain. Nature 1990; 344: 
879-882.

16) Zhuang S, Zhang Q, Zhuang T, Evans SM, Liang 
X, Sun Y. Expression of Isl1 during mouse devel-
op-ment. Gene Expr Patterns 2013; 13: 407-412. 

17) Quaranta R, Fell J, Rühle F, Rao J, Piccini I, 
Araúzo-Bravo MJ, Verkerk AO, Stoll M, Greberet B. 
Re-vised roles of ISL1 in a hES cell-based model of 
human heart chamber specification. eLife 2018; 7: 
31706. 

18) Ahlgren, U, Pfaff SL, Jessell TM, Edlund T, Edlund 
H. Independent requirement for ISL1 in formation 
of pancreatic mesenchyme and islet cells. Nature 
1997; 385: 257-260.

19) Zhang Q, Huang R, Ye Y, Guo X, Lu J, Zhu F, Gong 
X, Zhang Q, Yan J, Luo L, Zhuang S, Chen Y, Zhao 
X, Evans SM, Jiang C, Liang X, Sun Y. Temporal re-
quirements for ISL1 in sympathetic neuron pro-lifer-
ation, differentiation, and diversification. Cell Death 
Dis 2018; 9: 247. 

20) Mitsiadis TA, Angeli I, James C, Lendahl U, Sharpe 
PT. Role of Islet1 in the patterning of murine den-
ti-tion. Development 2003; 130: 4451-4460. 

21) Tahara N, Akiyama R, Theisen JWM, Kawakami H, 
Wong J, Garry DJ, Kawakami Y. Gata6 restricts Isl1 
to the posterior of nascent hindlimb buds through 
Isl1 cis-regulatory modules. Dev Biol 2018; 434: 74-
83. 

22) Cau F, Botta MC, Vinci L, Gerosa C, Sorrentino E, 
Senes G, Bardanzellu F, Aversa S, Ronchi F, Bel-
lan C, Faa G. ISL-1: a new potential marker of stem/
progenitor cells in the developing human uterus. JP-
NIM 2019; 8: 080203. 

23) Sun Y, Liang X, Najafi N, Cass M, Lin L, Cai CL, 
Chen J, Evans SM. Islet 1 is expressed in distinct 
car-diovascular lineages, including pacemaker and 
coronary vascular cells. Dev Biol 2007; 304: 286-
296. 

24) Gao R, Liang X, Cheedipudi S, Cordero J, Jiang X, 
Zhang Q, Caputo L, Günther S, Kuenne C, Ren Y, 
Bhattacharya S, Yuan X, Barreto G, Chen Y, Braun 
T, Evans SM, Sun Y, Dobreva G. Pioneering Func-
tion of Isl1 in the Epigenetic Control of Cardiomyo-
cyte Cell Fate. Cell Res 2019; 29: 486-501. 

25) Mayran A and Drouin J. Pioneer Transcription Fac-
tors Shape the Epigenetic Landscape. J Biol Chem 
2018; 293: 13795-13804. 

26) Feng X, Chen X, Zheng X, Zhu H, Qi Q, Liu S, 
Zhang H, Che J. Latest Trend of Milk Derived Exo-
somes: Cargos, Functions, and Applications. Front 
Nutr 2021; 8: 747294.

27) Pichiri G, Lanzano D, Piras M, Dessì A, Reali A, 
Puddu M, Noto A, Fanos V, Coni C, Faa G, & Coni 
P. Human breast milk stem cells: a new challenge 
for perinatologists. JPNIM 2016; 5: 050120. 

28)  Faa G, Fanos V, Puddu M, Reali A, Dessì A, Pichi-
ri G, Gerosa C, Fanni D. Breast milk stem cells: four 
questions looking for an answer. JPNIM 2016; 5: 
050203.

29) Reali A, Puddu M, Pintus MC, Marcialis MA, Pichiri 
G, Coni P, Manus D, Dessi A, Faa G, Fanos V. Mul-



Human breast milk cells are positive for the pioneer transcription factor ISL1

8849

tipotent stem cells of mother’s milk. JPNIM 2016; 5: 
050103.

30) Hang J, Qiu J, Zhou Y, Wang Y, Li H, Zhang T, Jiang 
Y, Gou K, Cui S. LIM homeobox transcription factor 
Isl1 is required for melatonin synthesis in the pig pi-
neal gland. J Pineal Res 2018; 65: 12481. 

31) Genead R, Danielsson C, Andersson AB, Cor-
bascio M, Franco-Cereceda A, Sylvén C, Grinne-
mo KH. Is-let-1 cells are cardiac progenitors pres-
ent during the entire lifespan: from the embryon-
ic stage to adulthood. Stem Cells Dev 2010; 19: 
1601-1615. 

32) Kim KT, Kim N, Kim HK, Lee H, N H, Gruner PG, 
Park C, Mastick GS, Park HC, Song MR. ISL1-based 
LIM complexes control Slit2 transcription in develop-
ing cranial motor neurons. Sci Rep 2016; 6: 36491. 

33) Huber K, Narasimhan P, Shtukmaster S, Pfeifer 
D, Evans SM, Suncet Y. LIM-Homeodomain tran-
scrip-tion factor Islet-1 is required for the develop-
ment of sympathetic neurons and adrenal chromaf-
fin cells Dev Biol 2013; 380: 286-298. 

34) Li Y, Pan J, Wei C, Chen J, Liu Y, Liu J, Zhang X, Ev-
ans SM, Cui Y, Cui S. LIM homeodomain tran-scrip-
tion factor Isl1 directs normal pyloric development 
by targeting Gata3. BMC Biol 2014; 12: 25. 

35) Cho HH, Cargnin F, Kim Y, Lee B, Kwon RJ, Nam 
H, Shen R, Barnes AP, Lee JW, Lee S, Lee SK. Isl1 
directly controls a cholinergic neuronal identity in 
the developing forebrain and spinal cord by forming 
cell type-specific complexes. PLoS Genet 2014; 10: 
1004280. 

36) Zhang Y, Shi J, Wei H, Han V, Zhu WZ, Liu C. Ne-
onate and infant brain development from birth to 2 
years assessed using MRI-based quantitative sus-
ceptibility mapping. Neuroimage 2019; 185: 349-360. 

37) Gao R, Liang X, Cheedipudi S, Cordero J, Jiang X, 
Zhang Q, Caputo L, Günther S, Kuenne C, Ren Y, 
Bhattacharya S, Yuan X, Barreto G, Chen Y, Braun 

T, Evans SM, Sun Y, Dobreva G. Pioneering func-
tion of Isl1 in the epigenetic control of cardiomyo-
cyte cell fate. Cell Res 2019; 29: 486-501.

38) Qiu, J. Zhang J, Zhou Y, Li X, Li H, Liu J, Gou 
K, Zhao J, Cui S. MicroRNA-7 inhibits melatonin 
syn-thesis by acting as a linking molecule between 
leptin and norepinephrine signaling pathways in pig 
pineal gland. J Pineal Res 2019; 66: 12552. 

39) Barzelay A, Ben-Shoshan J, Entin-Meer M, May-
sel-Auslender S, Afek A, Barshack I, Keren G, 
George J. A potential role for islet-1 in post-natal an-
giogenesis and vasculogenesis. Thromb Haemost 
2010; 103: 188-197. 

40) Zaret KS. Pioneer Transcription Factors Initiating 
Gene Network Changes. Annu Rev Genet 2020; 
54: 367-385. 

41) Balsalobre A, Drouin J. Pioneer factors as master 
regulators of the epigenome and cell fate. Nat Rev 
Mol Cell Biol 2022; 23: 449-464. 

42) Hankey W, Chen Z, Wang, Q. Shaping chromatin 
states in prostate cancer by pioneer transcription 
factors. Cancer Res 2020; 80: 2427-2436. 

43) Morris SA. Direct lineage reprogramming via pio-
neer factors; a detour through developmental gene 
regulatory networks. Development 2016; 143: 2696-
2705. 

44) Gerosa C, Faa G, Fanni D, Manchia M, Suri JS, Ra-
varino A, Barcellona D, Pichiri G, Coni P, Congiu 
T, Piras M, Cerrone G, Cau F, Ledda F, Aimola V, 
Coghe F, Porcu M, Cau R, Orru’ G, Van Eyken P, La 
Nasa G, Castagnola M, Marongiu F, Saba L. Fetal 
programming of COVID-19: may the barker hypoth-
esis explain the susceptibility of a subset of young 
adults to develop severe disease? Eur Rev Med 
Pharmacol Sci 2021; 25: 5876-5884. 

45) Ren J, Miao D, Li Y, Gao R. Spotlight on Isl1: A Key 
Player in Cardiovascular Development and Diseas-
es. Front Cell Dev Biol 2021; 9: 793605. 


