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Src is the representative member of the Src-family kinases (SFK), a group of tyrosine kinases involved in several cellular

processes. Its main function has been for long confined to the plasma membrane/cytoplasm compartment, being a

myristoylated protein anchored to the cell membrane and functioning downstream to receptors, most of them lacking

intrinsic kinase activity. In the last decades, new roles for some SFKs have been described in the nuclear compartment,

suggesting that these proteins can also be involved in directly regulating gene transcription or nucleoskeleton architecture.

In this review, we focused on those nuclear functions specifically attributable to Src, by considering its function as both

tyrosine kinase and adapting molecule. In particular, we addressed the Src involvement in physiological as well as in

pathological conditions, especially in tumors.
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1. Introduction

Although tyrosine kinases are well known to function as signaling molecules downstream of extracellular stimuli at the

plasma membrane, some SFKs have been described to reside in the nucleus where they regulate tyrosine

phosphorylation of nuclear proteins, and/or function as cofactor in multiprotein complexes . Therefore, the roles exerted

by Src in the nucleus could be dependent or not on its catalytic activity. Indeed, beside its capability to phosphorylate

tyrosine residues on target proteins, the SH2 and SH3 domains in the Src structure are involved in protein-protein

interaction that can be independent from Src activation status. In particular, nuclear Src seems to exacebate the activity of

oncogenes, and to counteract the protecting function of oncosuppressor, in general by inducing their nuclear export. Here

we reviewed the main mechanisms involving Src nuclear functions.

2. Regulation of Gene Transcription and Chromatin Architecture

Changes in the structure of nuclear compartment are frequently observed during transcription, cell differentiation,

senescence, cell cycle and tumorigenesis , and evidence of active nuclear Src has been reported in different contexts. A

study carried out on NT2D1 non-seminoma fibroblasts reveals that Src phosphorylation is constitutively present in the

nuclei of these cells, representing a downstream effector of c-MET pathway . c-MET is the membrane receptor of HGF

(Hepatocyte Growth Factor). HGF can increase the aggressive and malignant behavior of NT2D1 cells through c-MET

activation . The inhibition of Src deletes the HGF-dependent increase of cell proliferation rate, migration and cell

invasion. c-MET recruits Src when activated by HGF, and this stimulus seems to be a key point allowing Src to translocate

into the nucleus where it interacts with some gene promoters. In this context, a pivotal role is played by the cancer

microenvironment, given that in the culture basal conditions (without administration of HGF) the inhibition of Src causes

the augment of invasiveness but decreases the cell proliferation rate and migration capability of mouse NT2D1 fibroblasts

independently from c-MET pathway, may be due to the Src recruitment by other homeostatic pathways controlling the

aggressiveness of these cells .

The idea that Src could interact with gene promoters is based on a study that explains a correlation of SFKs with the

chromatin structural changes observed following growth factors stimulation . In this study, authors developed a pixel

imaging technique of the nucleus to quantitatively detect changes of chromatin structure and condensation levels. They

demonstrated that SFK activation by serum-conveyed growth factors localize into the nucleus more frequently in the

euchromatin than the heterochromatin areas, and that their kinase activity is required for the chromatin organization, given

that growth factor stimulation effects are avoided in mouse embryonic fibroblast SYF cells, which are genetically deficient

in expression of Src, Yes, Fyn and Lyn tyrosine kinases. Taken together, this evidence suggested that the SFKs could be

useful to create an “open” chromatin more accessible to transcriptional factors. In this context, we recently demonstrated

[1]

[2]

[3]

[4]

[3]

[5]



the Src nuclear localization in osteoblasts and low aggressive osteosarcoma cells , and in particular we observed

nuclear Src accumulation in hypocondensated chromatin, as demonstrated by the low DRAQ5 staining. This finding,

together with the work by Takahashi, strongly suggests a function for nuclear Src in the regulation of transcription.

As regards cancer cells, the protein p300, a large histone acetyltransferase with the function of coactivator, was at first

known to be a tumor suppressor but the recent discovery of p300 gene mutations seems to suggest a role for this enzyme

in the oncogenic transformation . In the tumor pancreatic environment, p300 seems to interact with Src, which can in

turn activate the pro-migratory genes such as HMGA2 and SMYD3 . The binding of Src and p300 to the sequence of

DNA depends on chromatin and cell-type background. In those cancers in which Src has been found downregulated, the

clinical trials based on Src-inhibitor therapy have proven to be ineffective and data by Paladino et al. provide some

explanation about these failing therapies, as Src seems to be more involved in the migratory pathway than in survival

signaling. Although these works describe some peculiar roles of Src in specific micro-environment, Src remains a good

therapeutic target to prevent tumor metastasis .

3. Src-Dependent Regulation of Tumor Suppressors

As an example of its catalytic-dependent and independent nuclear functions, Src is able to regulate the localization of

INhibitor of Growth 1 (ING1) from nucleus to cytoplasm through phosphorylation-dependent and independent

mechanisms, thus contributing to alter the capability of ING1 to induce apoptosis. ING1 plays a role in epigenetic

regulation as tumor suppressor, being a stoichiometric member of histone acetlytransferase (HAT) and histone

deacetylase (HDAC) complexes. When Src expression and/or activation is altered, as in many types of cancer, the ING1

levels are deregulated accordingly, and decreases following Src activation. Src destabilizes ING1 by phosphorylation,

thereby inducing its export from nucleus. The Src phosphorylation-independent mechanism is based on the capacity of

Src to bind directly ING1: in this role as cofactor, Src may prompt the degradation of ING1, or, as an alternative, kinase-

dead Src may recruit and/or activate other tyrosine kinases to target this tumor suppressor .

Another protein that can be altered by Src-dependent kinase activity is the Runt domain transcription factor 3 (RUNX3).

RUNX3 is a transcription factor known to be a tumor suppressor involved in proliferation, apoptosis and cellular

differentiation. Oxidative stress causes RUNX3 mislocalization in cytoplasm in colon cancer cells. In conditions of

oxidative stress, both Src expression and activation is positively regulated in the nucleus by HDAC1, known to involved in

the transcription of oncogenes  and active Src phosphorylates RUNX3 leading to its cytoplasmic localization .

4. Src and Estrogen Receptor

Studies on the subcellular localization of steroid receptors have demonstrated that they can have effects other than the

non-genomic action, thereby revealed their ability to interact with target effectors and activate signaling pathways. Src is

involved in the regulation of estrogen receptors, which are known to regulate the homeostasis of a variety of tissues,

including the bone . Low levels of estrogen deficiency lead to accelerated bone loss and this is the primary cause of

postmenopausal osteoporosis . Estrogens are also responsible for an anti-apoptotic effect in osteoblasts . Further

studies have demonstrated that Src interacts with the estrogen receptor even in other cells such as the uterine cells and

human breast cancer cells. Indeed, in the nuclei of uterine cells, active Src can phosphorylates estrogen receptor α (ERα)

and enhances its transcriptional activity due to the activity of SHP2 (Src-Homology Protein2) . SHP2, a protein

encoded by the gene PTPN11, is generally located in the cytoplasm, but it is also known to translocate in the nucleus

when DNA damage occurs . SHP2 enhances Src tyrosine kinase activity by removing its inhibitory phosphorylation and

Src, in turn, phosphorylates ERα, thus allowing its binding to the progesterone receptor promoter and driving its

transcription .

Instead, the study of Castoria and colleagues demonstrates that in the breast cancer tumor environment, Src can promote

the tumor progression through its tyrosine kinase activity . The Tyr 537 residue of ERα is a key regulatory site for its

activity and localization, and also connects ERα with Src . The stimulation with estradiol promotes Src activity and

leads to the phosphorylation of ERα in Tyr537, thus driving the nuclear export of the receptor and regulating hormone

responsiveness of DNA synthesis in breast cancer cells .

5. Interaction with the Nuclear Envelope Protein Emerin

Emerin is a nuclear inner membrane protein whose gene mutations are related to Emery-Dreifuss Muscular Dystrophy, an

X-linked disease . Tifft and coworkers demonstrated that emerin function is regulated by several tyrosine kinases,

including Her2, Src and Abl. In particular, Src can mediate the signaling of Her2 by phosphorylation of three specific
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tyrosine residues in human emerin: Y59, Y74 and Y95 . These three amino acid residues could not be the only

residues phosphorylated by Src, since even the Y4, Y34, Y41, Y105 and Y155 are predicted Src-target sites . Tifft and

colleagues demonstrated that the substitutions of the tyrosine with phenylalanine, in the sites recognized by Src, reduced

the capability of emerin to bind BAF (barrier-to-autointegration factor, also known as BANF1), a conserved chromatin

regulator that also binds lamins. Emerin binds proteins that are crucial for the spatial organization of centrosome and

nuclear structure, influences the actin cytoskeletal dynamics and helps to fasten silent chromatin . Emerin is also

involved in the mechano-transduction signaling, as it has been described as a downstream detector of mechanical stress.

In more detail, emerin binds Lamin A, another nuclear envelop protein, and emerin depletion leads to an increased

nuclear rigidity hindering the nuclear adaptation to mechanical forces. Guilluy and colleagues showed that the

phosphorylation of Y74 and Y95 of emerin residues by Src mediates the mechanical adaptation of nuclei to mechanical

force . Some recent evidence demonstrate that the cells cultured on soft matrices induced emerin phosphorylation and

the mislocalization of nuclear envelope proteins in the nucleoplasm . The authors also suggest that emerin is able to

reorganize the chromosome territories in cells on softer matrix and they speculate that emerin phosphorylation acts as an

upstream regulator of lamin localization resulting in substantial changes of the transcriptional regulation in a substrate

stiffness-dependent manner .

6. Src and the Mechanotransduction

The involvement of cytoplasmic Src in the cell response to mechanical stimulation has been well characterized, especially

in its crucial role of triggering the tyrosine phosphorylation cascade thought to be pivotal for mechanosensing . Indeed,

extracellular matrix proteins interaction with integrins induces their activation and the assembly of the focal adhesion

complex proteins. This process, known as cell mechanotransduction, identifies involved proteins as mechanosensors,

able to perceive and transduce mechanical stimuli into biochemical signals. Following integrin activation, the membrane-

bound Src is responsible of an increase in focal adhesion kinase (FAK) and paxillin tyrosine phosphorylation, described as

a first response to several mechanical stimuli, to such an extent that Src and FAK inhibitors are able to block the response

to mechanical stimulation as the cyclic stretch .

In the context of mechanobiology, the Hippo pathway has been described to be relevant in regulating tissue growth and

organ size . The main function of the Hippo pathway is to inhibit Yes-associated proiein (YAP) and Tafazzin (TAZ)

transcription co-activators, thereby regulating cell proliferation, apoptosis, and stemness in response to extracellular and

intracellular signals, among which cell-cell contact, cell polarity, mechanical cues, ligands of G-protein coupled receptors

and cellular energy status . When YAP and TAZ are slightly phosphorylated they are more concentrated in the nucleus,

thus leading to cell proliferation, wound healing or tissue regeneration . Contrariwise, high levels of phosphorylation

lead to cell quiescence . It is also known that mechanical signals and phosphorylation can modulate YAP1 functions

. This may be related to Src-mediated phosphorylation of YAP1 in Tyr357 . As a transcriptional factor, YAP1 is very

important and two types of pathway are involved in its regulation: the “canonical” way (through the negative LATS1/2

regulation) and, as recently discovered, the SFK dependent way .

Ege and colleagues described for the first time the dominance of YAP1 nuclear export as the key point regulating its

subcellular localization. Although serine phosphorylation is the first trigger required for YAP1 nuclear export, the inhibition

of SFK activity by dasatinib in cancer related fibroblasts (CAFs) reduces the YAP1 nuclear localization leading to a higher

citoplasmic content resembling normal fibroblasts. Indeed, CAF treatment with Src-family kinase inhibitors, such as

dasatinib, affects the subcellular distribution of YAP1 by increasing the dissociation rate of YAP1 from chromatin thus

inducing YAP1 export from nucleus. Among Src-mediated control of YAP1, its phosphorylation in Y357 functions as an

independent mechanism for YAP1 activity regulation. Y357 phosphorylation seems to be not involved in controlling YAP1

subcellular localization, but in reducing its transcriptional competence. The evidence that YAP1 transcriptional activity is

altered even when nuclear export is blocked suggests that this crucial phosphorylation may occur in the nucleus and that

depends on nuclear Src activity .

Given the crucial roles of Src in the bone cells  and the great relevance of mechanical loads in the bone

homeostasis , it is worth to mention the nuclear Src functions in osteoblast cells in response to mechanical stimulation.

Indeed, external mechanical loads as the interstitial fluid shear stress are sensed at the membrane by integrins that

transmit the message through ERK, Src and RhoA to actin stress fibers in the cytoskeleton . Osteocytes, the most

abundant cells of the bone tissue, reside into the mineralized matrix and are capable of sensing mechanical cues applied

to the bone, to which they react triggering mechanisms involved in controlling osteoblast and osteoclast activities . In

particular, osteocytes respond to mechanical loading inducing the formation of a Src/Pyk2/MBD2 complex that suppresses

anabolic gene expression . Once activated by oscillatory fluid shear stress, Pyk2 and Src translocate into the nucleus,

where they associate with methyl-CpG-binding domain protein 2 (MBD2), a protein involved in DNA methylation.
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Therefore, the formation of a nuclear Pyk2/Src complex in osteocytes is related to altered transcription and epigenome

regulation, leading to the suppression of anabolic gene expression, likely a mechanism to prevent an over-reaction to

physical stimuli .

References

1. Kikuko Ikeda; Yuji Nakayama; Yuuki Togashi; Yuuki Obata; Takahisa Kuga; Kousuke Kasahara; Yasunori Fukumoto;
Naoto Yamaguchi; Nuclear localization of Lyn tyrosine kinase mediated by inhibition of its kinase activity. Experimental
Cell Research 2008, 314, 3392-3404, 10.1016/j.yexcr.2008.08.019.

2. Thomas Cremer; Thomas Cremer; Steffen Dietzel; Stefan Müller; Irina Solovei; Stanislav Fakan; Chromosome
territories – a functional nuclear landscape. Current Opinion in Cell Biology 2006, 18, 307-316, 10.1016/j.ceb.2006.04.0
07.

3. Erica Leonetti; Luisa Gesualdi; Katia Corano Scheri; Simona DiNicola; Luigi Fattore; Maria Grazia Masiello; Alessandra
Cucina; Rita Mancini; Mariano Bizzarri; Giulia Ricci; et al. c-Src Recruitment is Involved in c-MET-Mediated Malignant
Behaviour of NT2D1 Non-Seminoma Cells. International Journal of Molecular Sciences 2019, 20, 320, 10.3390/ijms20
020320.

4. Katia Corano Scheri; Erica Leonetti; Luigi Laino; Vincenzo Gigantino; Luisa Gesualdi; Paola Grammatico; Mariano
Bizzarri; Renato Franco; J. Wolter Oosterhuis; Hans Stoop; et al. Correction: c-MET receptor as potential biomarker
and target molecule for malignant testicular germ cell tumors. Oncotarget 2018, 9, 36049-36049, 10.18632/oncotarget.
26374.

5. Akinori Takahashi; Yuuki Obata; Yasunori Fukumoto; Yuji Nakayama; Kousuke Kasahara; Takahisa Kuga; Yukihiro
Higashiyama; Takashi Saito; Kazunari K. Yokoyama; Naoto Yamaguchi; et al. Nuclear localization of Src-family tyrosine
kinases is required for growth factor-induced euchromatinization. Experimental Cell Research 2009, 315, 1117-1141, 1
0.1016/j.yexcr.2009.02.010.

6. Enrica Urciuoli; Ilenia Coletta; Emanuele Rizzuto; Rita De Vito; Stefania Petrini; Valentina D'oria; Marco Pezzullo;
Giuseppe Milano; Raffaele Cozza; Franco Locatelli; et al. Src nuclear localization and its prognostic relevance in
human osteosarcoma. Journal of Cellular Physiology 2017, 233, 1658-1670, 10.1002/jcp.26079.

7. Giotopoulos, G.; Chan, W.I.; Horton, S.J.; Ruau, D.; Gallipoli, P.; Fowler, A.; Crawley, C.; Papaemmanuil, E.; Campbell,
P.J.; Göttgens, B; et al. The epigenetic regulators CBP and p300 facilitate leukemogenesis and represent therapeutic
targets in acute myeloid leukemia. Oncogene 2016, 35, 279–289, .

8. Paladino, D.; Yue, P.; Furuya, H.; Acoba, J.; Rosser, C.J.; Turkson, J; A novel nuclear Src and p300 signaling axis
controls migratory and invasive behavior in pancreatic cancer. Oncotarget 2016, 7, 7253-7267, .

9. Thomas J. George; Jose G. Trevino; Chen Liu; Src Inhibition Is Still a Relevant Target in Pancreatic Cancer. The
Oncologist 2014, 19, 211, 10.1634/theoncologist.2013-0410.

10. Lisa Yu; Satbir Thakur; Rebecca Yy. Leong-Quong; Keiko Suzuki; Andy Pang; Jeffrey D. Bjorge; Karl Riabowol; Nald J.
Fujita; Src Regulates the Activity of the ING1 Tumor Suppressor. PLOS ONE 2013, 8, 60943, 10.1371/journal.pone.006
0943.

11. Celeste B. Greer; Yoshiaki Tanaka; Yoon Jung Kim; Peng Xie; Michael Q. Zhang; In-Hyun Park; Tae Hoon Kim; Histone
Deacetylases Positively Regulate Transcription through the Elongation Machinery. Cell Reports 2015, 13, 1444-1455, 1
0.1016/j.celrep.2015.10.013.

12. Kyoung Ah Kang; Mei Jing Piao; Yea Seong Ryu; Young Hee Maeng; Jin Won Hyun; Cytoplasmic Localization of
RUNX3 via Histone Deacetylase-Mediated SRC Expression in Oxidative-Stressed Colon Cancer Cells. Journal of
Cellular Physiology 2017, 232, 1914-1921, 10.1002/jcp.25746.

13. Carmen Streicher; Alexandra Heyny; Olena Andrukhova; Barbara Haigl; Svetlana Slavic; Christiane Schüler; Karoline
Kollmann; Ingrid Kantner; Veronika Sexl; Miriam Kleiter; et al. Estrogen Regulates Bone Turnover by Targeting RANKL
Expression in Bone Lining Cells. Scientific Reports 2017, 7, 6460, 10.1038/s41598-017-06614-0.

14. S.C. Manolagas; Sex Steroids and Bone. Recent Progress in Hormone Research 2002, 57, 385-409, 10.1210/rp.57.1.3
85.

15. Stavroula Kousteni; Li Han; Jin-Ran Chen; Maria Almeida; Lilian I. Plotkin; Teresita Bellido; Stavros C. Manolagas Md;
Kinase-mediated regulation of common transcription factors accounts for the bone-protective effects of sex steroids.
Journal of Clinical Investigation 2003, 111, 1651-1664, 10.1172/JCI200317261.

16. Hao Ran; Shuangbo Kong; Shuang Zhang; Jianghong Cheng; Chan Zhou; Bo He; Qiliang Xin; John P. Lydon;
Francesco John DeMayo; Gen-Sheng Feng; et al. Nuclear Shp2 directs normal embryo implantation via facilitating the

[39]



ERα tyrosine phosphorylation by the Src kinase. Proceedings of the National Academy of Sciences 2017, 114, 4816-
4821, 10.1073/pnas.1700978114.

17. Liangping Yuan; Wen-Mei Yu; Min Xu; Cheng-Kui Qu; SHP-2 Phosphatase Regulates DNA Damage-induced Apoptosis
and G2/M Arrest in Catalytically Dependent and Independent Manners, Respectively. Journal of Biological Chemistry
2005, 280, 42701-42706, 10.1074/jbc.m506768200.

18. Gabriella Castoria; Pia Giovannelli; M Lombardi; C De Rosa; T Giraldi; A De Falco; Maria Vittoria Barone; Ciro
Abbondanza; Antimo Migliaccio; F Auricchio; et al. Tyrosine phosphorylation of estradiol receptor by Src regulates its
hormone-dependent nuclear export and cell cycle progression in breast cancer cells. Oncogene 2012, 31, 4868-4877,
10.1038/onc.2011.642.

19. Daria P. Vorojeikina; Phosphorylation of Tyrosine 537 on the Human Estrogen Receptor Is Required for Binding to an
Estrogen Response Element. Journal of Biological Chemistry 1995, 270, 30205-30212, 10.1074/jbc.270.50.30205.

20. Emanuela Viggiano; Madej- Pilarczyk; Nicola Carboni; Esther Picillo; Manuela Ergoli; Gaudio; Michal Marchel; Gerardo
Nigro; Alberto Palladino; Luisa Politano; et al. X-Linked Emery–Dreifuss Muscular Dystrophy: Study Of X-Chromosome
Inactivation and Its Relation with Clinical Phenotypes in Female Carriers. Genes 2019, 10, 919, 10.3390/genes101109
19.

21. Kathryn E. Tifft; Katherine A. Bradbury; Katherine L. Wilson; Tyrosine phosphorylation of nuclear-membrane protein
emerin by Src, Abl and other kinases. Journal of Cell Science 2009, 122, 3780-3790, 10.1242/jcs.048397.

22. Prasad, T.S.K.; Goel, R.; Kandasamy, K.; Keerthikumar, S.; Kumar, S.; Mathivanan, S.; Telikicherla, D.; Raju, R.;
Shafreen, B.; Venugopal, A; et al. Human Protein Reference Database--2009 update. Nucleic Acids Research 2008,
37, D767-D772, 10.1093/nar/gkn892.

23. Jason M. Berk; Dan N. Simon; Clifton R. Jenkins-Houk; Jason W. Westerbeck; Line M. Grønning-Wang; Cathrine R.
Carlson; Katherine L. Wilson; The molecular basis of emerin-emerin and emerin-BAF interactions. Journal of Cell
Science 2014, 127, 3956-69, 10.1242/jcs.148247.

24. Christophe Guilluy; Lukas D. Osborne; Laurianne Van Landeghem; Lisa Sharek; Richard Superfine; Rafael Garcia-
Mata; Keith Burridge; Isolated nuclei adapt to force and reveal a mechanotransduction pathway in the nucleus. Nature
2014, 16, 376-381, 10.1038/ncb2927.

25. Roopali Pradhan; Devika Ranade; Kundan Sengupta; Emerin modulates spatial organization of chromosome territories
in cells on softer matrices. Nucleic Acids Research 2018, 46, 5561-5586, 10.1093/nar/gky288.

26. Karin Albertina Jansen; P. Atherton; Christoph Ballestrem; Mechanotransduction at the cell-matrix interface. Seminars
in Cell & Developmental Biology 2017, 71, 75-83, 10.1016/j.semcdb.2017.07.027.

27. Kevin I. Watt; Kieran F. Harvey; Paul Gregorevic; Regulation of Tissue Growth by the Mammalian Hippo Signaling
Pathway. Frontiers in Physiology 2017, 8, 942, 10.3389/fphys.2017.00942.

28. Fa-Xing Yu; Bin Zhao; Kun-Liang Guan; Hippo Pathway in Organ Size Control, Tissue Homeostasis, and Cancer. Cell
2015, 163, 811-28, 10.1016/j.cell.2015.10.044.

29. Yu Wang; Aijuan Yu; Fa-Xing Yu; The Hippo pathway in tissue homeostasis and regeneration. Protein & Cell 2017, 8,
349-359, 10.1007/s13238-017-0371-0.

30. Anthony J. Muslin; H Xing; 14-3-3 proteins: regulation of subcellular localization by molecular interference. Cellular
Signalling 2000, 12, 703–709, .

31. Oleg Dobrokhotov; Mikhail Samsonov; Masahiro Sokabe; Hiroaki Hirata; Mechanoregulation and pathology of YAP/TAZ
via Hippo and non-Hippo mechanisms.. Clinical and Translational Medicine 2018, 7, 23, 10.1186/s40169-018-0202-9.

32. Nil Ege; Anna Dowbaj; Ming Jiang; Michael Howell; Steven Hooper; Charles Foster; Robert P. Jenkins; Erik Sahai;
Quantitative Analysis Reveals that Actin and Src-Family Kinases Regulate Nuclear YAP1 and Its Export. Cell Systems
2018, 6, 692-708.e13, 10.1016/j.cels.2018.05.006.

33. Boon Chuan Low; Catherine Qiurong Pan; G.V. Shivashankar; Alexander D. Bershadsky; Marius Sudol; Michael
Sheetz; YAP/TAZ as mechanosensors and mechanotransducers in regulating organ size and tumor growth. FEBS
Letters 2014, 588, 2663-2670, 10.1016/j.febslet.2014.04.012.

34. Soriano, P.; Montgomery, C.; Geske, R.; Bradley, A; Targeted disruption of the c-src proto-oncogene leads to
osteopetrosis in mice. Cell 1991, 64, 693–702, .

35. Marilena Marzia; Natalie A. Sims; Susanne Voit; Silvia Migliaccio; Anna Taranta; Silvia Bernardini; Tullio Faraggiana;
Toshiyuki Yoneda; Gregory R. Mundy; Brendan F. Boyce; et al. Decreased C-Src Expression Enhances Osteoblast
Differentiation and Bone Formation. Journal of Cell Biology 2000, 151, 311-320, 10.1083/jcb.151.2.311.

36. Haelterman, N.; Lim, J; Sensing the load. eLife 2019, 8, 8, .



37. Yavropoulou, M.; Yovos, J; The molecular basis of bone mechanotransduction. J. Musculoskelet. Neuronal Interact.
2016, 16, 221–236, .

38. Haniyeh Hemmatian; Astrid D. Bakker; Jenneke Klein-Nulend; G. Harry Van Lenthe; Aging, Osteocytes, and
Mechanotransduction. Current Osteoporosis Reports 2017, 15, 401-411, 10.1007/s11914-017-0402-z.

39. Julia M. Hum; Richard N. Day; Joseph P. Bidwell; Yingxiao Wang; Fred Pavalko; Mechanical Loading in Osteocytes
Induces Formation of a Src/Pyk2/MBD2 Complex That Suppresses Anabolic Gene Expression. PLOS ONE 2014, 9,
e97942, 10.1371/journal.pone.0097942.

Retrieved from https://encyclopedia.pub/entry/history/show/8043


