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Introduction

LMNA gene products are lamin A/C proteins which form the 
nuclear envelop (NE) scaffold in association with several other NE 
proteins and maintains nuclear structure, organizes chromatins, 
regulates DNA synthesis and gene transcription, repairs DNA 
damages, assures proper cell cycle progression, cell migration 
while maintaining cell differentiated state [1,2]. Cells bearing 
mutations in LMNA gene or lacking lamin A/C display abnormal 
nuclear morphology, defective cell cycle kinetics, polyploidy, loss 
of heterochromatin organization and chromosomal aberration; 
all of which are hallmark for dedifferentiated and cancer cells [3-
5]. The ectopic expression of lamin A/C or the induction of lamin 
A/C with retinoic acid promotes cell differentiation [6,7]. This 
makes lamin A/C proteins reliable indicators for differentiated cell 
[7,8]. Several factors are involved in lamin A/C deficiency from 
the nuclear envelope and involved phosphorylation, epigenetic 
modifications (DNA methylation, histone deacetylation), micro 
RNA, and enzymatic degradation [9-15]. Lamin A/C can be 
regulated at transcriptional level, translational level and post-
translational levels. In this review we report all the plausible 
molecular mechanisms of lamin A/C deficiency and the candidate 
specific drugs that shall restore lamin A/C while killing cancer 
cells but spare normal cells.

 

Promising Personalized Anti-Cancer 
Therapy: the Hidden Molecular Paths for 

Lamin A/C Deficiency and Restoration

Abstract 
Carcinogenesis is a complex mechanism that often involves the silencing of cell 
differentiation and tumor suppressor gene transcripts or proteins while upregulating 
gene transcripts and proteins involved in cell proliferation and migration. This 
review focuses on different molecular pathways involved in the suppression of 
LMNA gene transcripts and lamin A/C proteins known to play important functions 
in epithelial cells including cell differentiation, gene transcription, cell growth 
regulation, cell cycle progression and regulation of migration. The restoration of 
lamin A/C proteins in cancer can only be possible if the mechanism leading to their 
disappearance is delineated prior to therapy. 
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The phosphorylation-dependent lamin A/C 
degradation induced by P-AKT in cancer is reversible
Lamin A/C proteins are target for serine/threonine (SER/THR) 
kinases that are overexpressed in cancer cells (e.g. phosphorylated-
AKT or p-AKT) and in viruses including human papilloma virus 
( HPV), human cytomegalovirus (HCMV) and herpes simplex 
virus type 1 (HSV-1) protein kinases [9-12]. Human p-AKT1 
(protein kinase B, PKB) is responsible for the phosphorylation 
SER/THR induced degradation of lamin A/C [13]. As matter of 
fact, p-Akt is viewed as a promising therapeutic target in cancer 
pathology and therapy; drugs that can inhibit SER/THR kinase 
activities of p-AKT may also restore lamin A/C [14-16]. P-AKT is 
viewed as proto-oncogene which functions as a major effector 
downstream of the Phospho-Inositol-3-kinase (PI3-K) pathways 
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[16]. It was reported that DNA-dependent protein kinase (DNA-
PK) which is a PI3-K-like family of kinases, phosphorylates Akt 
at Ser473 residues in response to genotoxic stimuli associated 
with double strand breaks DNA [16]. P-Akt is then in a catalytic 
conformation to phosphorylate specific substrate such as lamin 
A leading to the cleavage and degradation of phosphorylated 
lamin A [13,15]. P-Akt-1 phosphorylates lamin A/C at S404, in 
a canonical Akt consensus motif and participates in cancer cell 
migration and invasion [16,17]. Overall, p-Akt participates in the 
post-translational degradation of lamin A/C. The overexpression 
of p-AKT is observed in cancers including cervical, ovarian and 
breast cancers [17-20]. As matter of fact, activated PI3K/AKT and 
MAPK pathways are viewed as potential prognostic markers in 
cervical cancer progression, in epithelial ovarian cancer and in 
node-positive triple-negative breast cancer [18-20]. Coincidently 
the degradation of lamin A/C is also observed in cervical, 
ovarian and breast cancers [15,21,22]. Drugs that can inhibit 
the phosphorylation of AKT can reduce cell carcinogenesis and 
restore lamin A/C [14]. Our experiment with human endometrial 
cancer cell lines showed that the restoration of lamin A/C can 
be achieved with Ser/Thr protein kinase inhibitor (staurosporine) 
as reported earlier [15]. The efficiency of staurosporine as anti-
cancer drugs was reported for cervical cancer and endometrial 
cancer cell lines [14,15]. 

The transcriptional regulation of LMNA in cancers 
through epigenetic modifications is reversible 
with specific drugs
Epigenetic modifications involve: (i) the methylation of DNA on 
CpG islands of gene promotor which silences RNA transcription of 
tumor suppressor gene or (ii) extensive deacetylation of histone 
near gene promotor which condenses the DNA and makes it 
refractory to transcription [23-26]. Histone deacetylases (HDACs) 
are enzymes responsible of the deacetylation of lysine residues 
of core histones and control chromatin remodeling that represses 
transcription in compact state of the chromatin associated with 
deacetylation; the inhibition of HDACs by Histone Deacetylase 
Inhibitors (HDACIs) restores an open state of chromatin and 
facilitates gene transcription [23-25]. Epigenetic modifications of 
tumor suppressor genes including DNA methylation is observed 
in cervical, ovarian and breast cancers [23-25]. HDACI induced 
apoptosis of human cervical cancer cells by decreasing DNA-
methyltransferase 3B [23]. Natural substances epigallocatechin-
3-gallate and catechin in green tea can reverse the expression 
of various tumor-suppressor genes by inhibiting DNA 
methyltransferases (DNMT) and histone deacetylases (HDAC) in 
human cervical cancer cells [26]. It is now evident that bioactive 
dietary agents can hamper the process of carcinogenesis by 
targeting epigenetic alterations including DNA methylation [26, 
27]. Green tea can induce the expression of lamin A/C in lung 
cancer cells [27]. Overall, this data suggests that catechin in 
green tea might act through the inhibition of DNA methylation 
and inhibition of HDAC to reinduce lamin A/C in cancer cells 
[26,27]. The inhibition of DNMT3B and HDAC1 usually reversed 
the expression of tumor suppressor genes which are silenced 
by epigenetic modifications but have no effect on genes which 
are silenced by somatic mutations and polymorphism [28]. 

There are many DNMT inhibitors from chemical synthesis (5-AZA 
cytidine: Vidaza 5-AZA 2’-deoxycytidine: Decitabine, Dacogen) 
or from natural sources (polyphenols, flavonoids, antraquinones 
etc.) which are extracted from plants [29]. Resveratrol is also a 
natural polyphenol with plethora of biological activities including 
DNMT inhibition enhanced with resveratrol-salicylate derivatives 
which have better DNMT3 inhibitory activity by binding with 
DNMT3A and DNMT3B enzymes [30]. Thus the conjugation of 
Resveratrol to aspirin exerts better chemopreventive effects 
than Resveratrol alone [30]. All DNMT inhibitors stated above 
are summarized in Table 1. HDACIs usually are a natural defense 
substance against exogenous macromolecules or microorganisms 
(e.g. viruses, bacteria); the HDACI trichostatin A (TSA) also known 
as an organic antifungal antibiotic is produced by Streptomyces 
hygroscopicu and has anti-tumor activity [31,32]. TSA is a potent 
anti-cancer drug for cervical and endometrial cancer cells but all 
the molecular pathways were not elucidated [15,23]. The use of 
TSA restored lamin A/C expression and induced cell apoptosis 
but is not yet used for human therapy [15,23]. TSA acts against 
HDAC class I and II; two HDACIs such as vorinostat (SAHA) and 
romidepsin, were approved by Food and Drug Administration 
(FDA) agency to be used against cancer [33]. HDACIs are classified 
in different groups as specified in Table 1: TSA, and vorinostat 
belong to the group of hydroxamic acids; valproate and 
butyrate belong to the group of carboxylic acids; entinostat and 
mocetinostat belong to the group of aminobenzamides; apicidin 
and romidepsin are in the group of cyclic peptides; trapoxins are 
in the group of epoxyketones [33]. Many more HDACIs are being 
studied to be used as anticancer drugs. Efficient HDACI should 
induce tumor cell growth arrest, cell differentiation or apoptosis 
[14,15,23]. Due to the variety of HDAC, the target specificity of 
HDACIs and the requirement for specific and selective inhibition 
of HDACs, we suggest that the bioactivity of each HDACIs should 
be tested in vitro on 3-D culture of cancer-derived cells; followed 
by biochemical analyses to assess the histone acetylation levels 
by chromatin immunoprecipitation (Chip) assay associated to 
immuno blotting with anti-acetyl histone antibody, or direct 
analysis of acetyl-histone in cells by immunohistochemistry or 
immunofluorescence before selecting the potent therapeutic 
HDACI for each case. Our report demonstrated that lamin 
A/C proteins may be part of the molecular mechanism that 
establishes the anticancer potency of HDACI and Ser/Thr protein 
kinase inhibitors. Thus, the potency of anti-cancer therapy could 
be evaluated by the efficiency of restoration of lamin A/C [15] in 
cancer cells that had lost the expression of these proteins. The 
new generations of drugs that are being developed to reverse 
epigenetic modifications in cancer are hybrid molecules to target 
HDACs and other oncogenic proteins and their pathways; the 
ester of HDACI contains an esterase sensitive chemical motif 
which can be hydrolyzed by white blood cells (monocyte and 
macrophage) before trapping of the active drug inside cancer 
cells [33]. All HDACIs stated above are summarized in (Table 1).

The post-transcriptional regulation of lamin A/C 
mRNA by anti-sense non-coding small RNAs 
(miRNAs)
The expression of LMNA gene can also be regulated at the post-
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transcriptional level by non-protein-coding endogenous anti-
sense small RNA molecules, also known as microRNAs (miRNAs 
or miR), which acts as repressors of gene expression by pairing 
the 3’-UTR of mRNAs, thereby causing the degradation of lamin 
A/C mRNA and inhibition of protein translation by ribosomes 
[34]. The maturation of pre-lamin A into lamin A depends on 
ZMPSTE24 enzyme which can be suppressed by the direct binding 
of miR-141-3p to the 3'UTR of ZMPSTE24 transcripts to impair the 
post-translational maturation of lamin A and generate numerous 
pathologies linked to the absence of functional lamin A including 
premature aging or cancers [35]. In addition to their structural 
role, lamin A/C proteins also take part in gene transcription 
regulation in such extend that the absence of functional lamin 
A/C is associated to an over-expression of miRNA and gene 
dysregulation [34,35]. Studies showed that the up-regulation of 
MiRNA-205 in ovarian cancer cells exposed to VEGF suppressed 
cell growth regulation genes including LMNA (lamin A/C proteins) 
and promotes the invasion and proliferation of ovarian cancer 
cells [36]. A genome-wide expression profiling revealed the 
dysregulation in various mRNA transcripts including those in 
MAPK, transforming growth factor-β (TGF β) and Wnt signaling 
pathways as well as dysregulation of mRNA transcripts of genes 
involved in skeletal muscle differentiation and proliferation along 
with renal cell carcinoma, basal cell carcinoma and prostate 
cancer genes [34]. Increased TGFβ-signaling activity prevents 
skeletal muscle regeneration but can promote cancer [34]. Lamin 
A/C mutants affect RNA-Polymerase II (RNA-Pol II) shown to be 
involved in miRNA transcription [37,38].

The transcriptional regulation of LMNA gene is 
associated to the transcriptional regulation of GATA 
proteins
The transcription factor GATA6 is an indirect regulator of lamin 
A/C and silencing of GATA6 and lamin A/C had been reported 
in ovarian and cervical cancers [39,40]. Both GATA6 and lamin 
A/C are essential for cell differentiation and in maintaining a 
differentiated state of epithelial cell; their absence is associated 
to cell dedifferentiation and carcinogenesis [39,40]. The down-
regulation of GATA6 was shown to be associated to overexpression 
of miRNA-363 and miRNA-1274b [41]. LMNA transcript is also 

target for miR-363 and 1274b [42]. Overall, miR-363 and miRNA-
1274b may sequentially downregulate both GATA6 and LMNA 
prior to ovarian and cervical carcinogenesis [15,21]. In Breast 
epithelial cell GATA3 and lamin A/C have roles in maintaining cell 
differentiated state [22,43]. Both GATA3 and LMNA may be target 
for miRNA-205 and miRNA-1274b in breast cancer [42,43]. MiRNA 
profiling in cervical cancer tissues has revealed the presence of 
many miRNAs with multiple pathway regulation functions [44]. 
MiRNA-21 is shown to be frequently up-regulated in breast, 
gastric, colon, lung, pancreatic and ovarian cancers [44,45]. 
Transcription factors GATA6 and GATA3 are both regulated by 
miRNA-302 cluster, and overall survival was shorter in patients 
with miRNA-302-positive cancer cells [45-47]. The implication of 
miRNA in carcinogenesis is not fully elucidated but transcription 
factors are targeted by specific miRNA overexpressed in cancers 
and more studies are needed to develop drugs that regulate 
miRNAs as some miRNA are pro-oncogenic while others are 
anti-oncogenic [41-47]. Pro-oncogenic miRNAs target cell 
differentiation and tumor-suppressor gene transcripts while 
anti-oncogenic-miRs target cell proliferation and migration gene 
transcripts [41-47].

Summary of the different mechanisms that may 
be involved in the silencing of lamin A/C prior to 
carcinogenesis
The model showing different mechanisms leading to the 
suppression of lamin A/C is shown in Figure 1. The blockage of 
lamin A/C can happen at 3 different levels with respect to the 
central dogma of molecular biology: (i) the transcription level, 
(ii) the translation level and (iii) the post-translation level. For 
each mechanism specific drug should be applied to restore the 
expression of lamin A/C and to cure the disease associated to it. 
Therefore personalized therapy should always be requested to 
restore the expression of lamin A/C according to pathway affected 
and the corresponding drugs shown respectively in Figure 1 and 
Table 1.

Overall promising treatments
Analogues of small molecule inhibitors targeting simultaneously 

Drugs A Drugs B Drugs C
DNMT I HDAC I miR inducers Protein kinase inhibitors

Chemical synthesis
5-AZA cytidine: Vidaza

5-AZA 2’-deoxycytidine:
Decitabine, Dacogen

Natural sources 
 polyphenols,

 flavonoids, antraquinones
Polyphenol and derivatives:

Resveratrol
Resveratrol-salicylate
Polyphenol in Green 

Tea extracts: Catechins,  
Epigallocatechin-3-gallate 

(EGCG) [26-30]

Hydroxamic acids: 
Trichostatin A and vorinostat 

(SAHA)
Carboxylic acids:

valproate and butyrate
Aminobenzamides: entinostat and 

mocetinostat
Cyclic peptides:

apicidin and romidepsin 
Epoxyketones: 

trapoxins  [14,15,23,33]

Curcumin 
(diferuloylmethane): 

induces miR7:inhibitor of 
EGFR/ PI3K/AKT pathways 

[50-53]

Staurosporine:
Protein kinase C inhibitor,

SER/THR inhibitor
Rapamycin, ridaforolimus, curcumin: PI3K/

AKT/mTOR pathway inhibitors [48,49]

Table 1 Summary of potent anti-cancer drugs that can restore the expression of lamin A/C.
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histone deacetylation and phosphorylation pathways like HDAC, 
PI3K/AKT and RAF-MEK-MAPK pathways in human cancer cell 
lines and xenografts should be more investigated to overcome 
cancer diseases [48]. A combination of vorinostat (HDAC inhibitor) 
with rapamycin (PI3K/AKT/mTOR pathway inhibitors) or LY294002 
should also be considered for cancer treatment [48,49]. Curcumin 
(diferuloylmethane), a natural polyphenol of curcuma species, 

inhibits cell growth and invasion through up-regulation of miR-
7 in pancreatic cancer cells [50,51]. MiR-7 is a potential tumor 
suppressor that acts by targeting multiple oncogenes related 
pathways including PI3/AKT and may serve as a novel therapeutic 
target for cancer [50,51]. The anti-tumor effect of curcumin was 
reported for numerous cancers including breast cancer and leads 
to AKT degradation, suppression of proliferation and migration 
in cancer cells associated to autophagy [52]. Curcumin is also 
a potent inhibitor of protein kinase C (PKC), NF(nucleor factor) 
kappa B (NFκB), and, MAPKs, ERK, ELK, PI3K, Akt, CDKs and iNOS 
[53]. This multiple oncogene inhibition function of curcumin 
might be possible through the induction of miRs including miR-
7 [50,51]. Overall, curcumin inhibits cell growth and invasion 
through the up-regulation of miR-7 and downregulation of miR21 
in cancer cells to disrupt multiple oncogenic pathways [50-54]. 
Curcumin is stated in Table 1 as one of miRNA anti-cancer therapy 
drugs.

Conclusion
Due to the plethora of mechanisms leading to the down-
regulation of lamin A/C in cancers, it is crucial to proceed to in 
vitro analysis to delineate potent drugs for the restoration of lamin 
A/C and regulation of cell growth in cancer derived cells before 
using them to cure cancers in human. Therefore, personalized 
molecular medicine is more appropriate to treat cancer and avoid 
drug resistance and toxicity linked to no-specific chemotherapy.

Figure 1 Model showing different mechanisms leading to the 
suppression of lamin A/C. The blockage of lamin A/C 
can happen at the transcription, translation and post-
translation levels. For each mechanism specific drug should 
be applied to restore the expression of lamin A/C.
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