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ABSTRACT OF THE DISSERTATION 

Functions and Regulation of Nuclear Lamins in Health and Disease 

by  

Hea Jin Jung 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2014 

Professor Stephen G. Young, Chair 

Nuclear lamins are intermediate filament proteins that form the nuclear lamina, a structural 

scaffolding for the nucleus. They interact with other nuclear proteins and the chromatin and are 

thought to participate in many fundamental cellular pathways. Most vertebrates have two-types 

of lamins: A-type (lamins A and C) and B-type (lamins B1 and B2). Nuclear lamins, particularly 

A-type lamins, have attracted considerable attention due to their association with many human 

genetic diseases. However, despite considerable interest in nuclear lamins, physiologic rationale 

for the different lamins is unclear. Also, the functional importance of the lamins in the brain has 

not been thoroughly investigated as the phenotypes of the associated genetic diseases are largely 

confined to mesenchymal tissues.  

In this dissertation, we aimed to better understand distinctive functions and regulation of 

nuclear lamins in health and diseases, with an emphasis on the brain. In Chapter 2, we showed 

that prelamin A, but not lamin C, is down-regulated in the brain by a brain-specific microRNA, 
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miR-9 using a series of in vitro studies in cultured cells. In Chapter 3, we generated two new 

lines of Lmna knock-in mice to investigate whether the regulation of prelamin A by miR-9 is 

relevant in vivo. These studies, taken together, provided a ready explanation why children with 

Hutchinson-Gilford progeria syndrome (a progeroid syndrome caused by a mutant form of 

prelamin A) are spared from neurodegenerative disease: miR-9 selectively eliminates the 

expression of the culprit molecule—the toxic prelamin A molecule that leads to disease. In 

Chapter 4, we addressed the physiologic importance of the farnesyl lipid anchor in B-type lamins 

using knock-in mice expressing nonfarnesylated versions of lamin B1 and lamin B2. In this 

study, we showed that the farnesyl lipid anchor on lamin B1 is crucial for retaining the nuclear 

chromatin within the bounds of nuclear lamina during neuronal migration. In Chapter 5, we 

investigated whether nuclear lamins are essential for proliferation and differentiation of non-

neuronal cells in vivo using keratinocyte-specific Lmna/Lmnb1/Lmnb2 triple-knockout mice.  
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The Nuclear Lamins 

The nuclear lamina is an intermediate filament meshwork located adjacent to the inner nuclear 

membrane. In vertebrates, it is composed largely of four proteins called nuclear lamins—lamins 

A, C, B1, and B2 (1). The lamins have been classified as A- and B-type based on their 

biochemical properties (2-4). The expression of the A-type lamins (lamins A and C) starts during 

the later stages of embryonic development and peaks postnatally; B-type lamins (lamins B1 and 

B2) are expressed in all cell types from the earliest stages of development (5, 6).  

Lamins A and C are alternatively spliced products of the same gene, LMNA (Figure 1.1) 

(7). They are identical through the first 566 amino acids but diverge in their carboxyl-terminal 

domains. Lamin C terminates with exon 10 sequences and has 6 unique amino acids (not found 

in lamin A) at its carboxyl terminus. Prelamin A, the precursor to mature lamin A, includes 

sequences from two additional exons (exons 11 and 12), resulting in 98 unique amino acids at its 

carboxyl terminus. The 3ʹ′ UTRs of lamin C and prelamin A transcripts are also distinct. Lamin 

C’s 3ʹ′ UTR, formed by intron 10 sequences, is short (~100 bp); prelamin A’s 3ʹ′ UTR is ~1 kb in 

length and includes many sequences that have been conserved through mammalian evolution. 

Lamins B1 and B2, are encoded by distinct genes, LMNB1 (8) and LMNB2 (9), 

respectively. These genes have a similar intron–exon structure, suggesting that they arose from a 

gene-duplication event (1, 10). Lamin B1 and lamin B2 proteins are ~60% identical at the amino 

acid level (11). 

Like other intermediate filament proteins, all nuclear lamins have a highly conserved α-

helical central rod domain (Figure 1.1) (12, 13). The rod domain is critical for lamin dimerization 

and for the formation of higher-order polymers (14).  Lamins also have globular head and tail 

domains, with the tail domain containing a nuclear localization signals (NLS) (Figure 1.1) (12, 
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13).  

Physiologic Importance of A-type Lamins 

To assess the importance of the A-type lamins, Sullivan and coworkers (15) generated Lmna 

knockout mice (Lmna–/–). Lmna–/– mice do not manifest developmental abnormalities and are 

indistinguishable from wild-type littermates at birth (15). Soon thereafter, however, Lmna–/– 

mice develop a cardiac and skeletal myopathy, and they die by 6–8 weeks of age. The absence of 

A-type lamins compromises the structural integrity of the nuclear envelope, resulting in 

misshapen nuclei, which likely plays a part in the pathogenesis of the muscle disease (16). The 

absence of lamins A and C also results in mislocalization of emerin, an inner nuclear membrane 

protein, to the endoplasmic reticulum. Emerin mutations cause muscular dystrophy in humans (2, 

17-19).  

Thus far, unique roles for lamin A and lamin C remain obscure. Fong et al. (20) created 

“lamin C–only mice” (LmnaLCO/LCO) that do not produce prelamin A transcripts and make 

approximately twice-normal amounts of lamin C transcripts. Surprisingly, the absence of 

prelamin A and lamin A in LmnaLCO/LCO mice does not appear to have adverse consequences; 

these mice are normal in size and vitality and have no obvious disease phenotypes. Subtle 

abnormalities in nuclear shape can be detected in cultured LmnaLCO/LCO fibroblasts (16, 20), but 

it is unclear whether any such abnormalities actually occur in parenchymal cells of LmnaLCO/LCO 

mice. Later, Coffinier et al. (21) generated “mature lamin A–only mice” (LmnaLAO/LAO) and 

Davies et al. (22) created “prelamin A–only mice” (LmnaPLAO/PLAO). Both mouse models are 

incapable of producing lamin C transcripts, and all of the output of the Lmna gene is channeled 

into prelamin A transcripts (encoding mature lamin A in the case of LmnaLAO/LAO mice or full-
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length prelamin A in LmnaPLAO/PLAO mice). The LmnaLAO/LAO and LmnaPLAO/PLAO mice are 

healthy and free of pathology. Misshapen nuclei can be observed in cultured LmnaLAO/LAO 

fibroblasts but were never observed in the tissues of LmnaLAO/LAO mice (21).  

Prelamin A contains a “CaaX” motif at its carboxyl terminus (Figure 1.1), which triggers 

three sequential posttranslational CaaX processing steps: farnesylation of a carboxyl-terminal 

cysteine (the “C” of the CaaX motif), cleavage of the last three amino acids of the protein (i.e., 

the “–aaX”), and carboxyl methylation of the newly exposed farnesylcysteine (23, 24). Prelamin 

A undergoes one additional processing step: cleavage of the last 15 amino acids of the protein, 

including the carboxyl-terminal farnesylcysteine methyl ester. This final step, carried out by the 

metalloprotease ZMPSTE24, releases mature lamin A. Lamin C does not have a CaaX motif and 

does not undergo any of these posttranslational processing steps.  

Protein farnesylation and methylation have been assumed to be important for the 

association of the nuclear lamins with the inner nuclear membrane. This notion has been 

supported by in vitro evidence (25) but the in vivo relevance of these modifications remained 

uncertain until the development of LmnaLAO/LAO mice (21). LmnaLAO/LAO mice, which produce 

mature lamin A directly—completely bypassing prelamin A synthesis and processing—are 

phenotypically normal. The levels of mature lamin A in cells and tissues are normal, and there is 

no significant defect in the ability of lamin A to reach the nuclear rim. Thus, the posttranslational 

processing of prelamin A is quite dispensable, at least in laboratory mice. 

While the posttranslational processing of prelamin A appears to be dispensable, it is 

important to emphasize that defects in prelamin A processing can elicit severe disease. For 

example, ZMPSTE24 deficiency abolishes the final endoproteolytic cleavage event in lamin A 

biogenesis, leading to an accumulation of farnesyl–prelamin A in cells and progeria-like disease 
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phenotypes—both in humans and in mice (26-29). These disease phenotypes can be eliminated 

by reducing prelamin A synthesis with a single Lmna knockout allele (30) or a single LmnaLCO 

allele (20), clearly demonstrating that farnesyl–prelamin A was responsible for disease. Also, the 

classic progeroid syndrome of children, Hutchinson-Gilford progeria syndrome, is caused by a 

LMNA mutation that prevents the conversion of farnesyl–prelamin A to mature lamin A (31, 32). 

Finally, abolishing all prelamin A processing steps leads to cardiomyopathy, as illustrated by a 

gene-targeted mouse model by Davies et al. (22). They created a “nonfarnesylated prelamin A–

only” mouse (LmnanPLAO/nPLAO) by replacing the cysteine in prelamin A’s CaaX motif with a 

serine. In LmnanPLAO/nPLAO mice, prelamin A does not undergo farnesylation, nor does it undergo 

any of the subsequent posttranslational processing steps. The nonfarnesylated prelamin A in 

LmnanPLAO/nPLAO mice is targeted quite normally to the nuclear rim, indistinguishable from 

mature lamin A in wild-type mice, but the LmnanPLAO/nPLAO mice develop a dilated 

cardiomyopathy and die by 6–8 months of age (22).  

Physiologic Importance of B-type Lamins in Mammalian Cells  

The B-type lamins have been assumed, based on in vitro studies (33-37), to be essential in 

eukaryotic cells, with unique and vital roles in DNA replication, the formation of the mitotic 

spindle, gene transcription, and a variety of other processes in the cell nucleus. However, until 

recently, the importance of B-type lamins had never been tested in vivo with appropriate mouse 

models. Yang et al. (38, 39) generated Lmnb1 and Lmnb2 conditional knockout alleles, making it 

possible to eliminate B-type lamins in specific cell types. Remarkably, the loss of both lamin B1 

and B2 in skin keratinocytes has no perceptible effect on keratinocyte growth or on the complex 

developmental programs involved in the generation of the skin and adnexal structures. 



	
   6	
  

Misshapen nuclei can be observed in Lmnb1/Lmnb2–deficient keratinocytes in culture, but 

misshapen nuclei were never found within the skin of the keratinocyte-specific Lmnb1/Lmnb2–

deficient mice (38). Similarly, the loss of B-type lamins has no adverse effects on liver 

hepatocytes (39). These studies suggest that B-type lamins are dispensable, at least in some cell 

types, and raise doubts about whether the B-type lamins truly have unique roles in mitosis, DNA 

replication, etc. Of note, skin keratinocytes and hepatocytes express A-type lamins; thus, it is 

possible that the nuclear lamin proteins have redundant roles in the cell nucleus and the A-type 

lamins are able to compensate for the loss of both B-type lamins.  

Both lamin B1 and lamin B2 terminate with a CaaX motif (Figure 1.1) and undergo 

farnesylation, endoproteolytic cleavage of the last three amino acids, and methylation of the 

farnesylcysteine. Unlike prelamin A, however, there is no additional endoproteolytic cleavage 

step; thus, the B-type lamins retain their carboxyl-terminal farnesylcysteine methyl ester. For 

both lamin B1 and lamin B2, the physiological relevance of the carboxyl-terminal 

posttranslational processing events is uncertain and needs to be investigated by creating knock-in 

mice that express nonfarnesylated versions of these proteins.  

A Role for B-type Lamins in Brain Development  

The essential role of B-type lamins in the developing brain was first uncovered by Coffinier et 

al. (40) during the characterization of lamin B2–deficient mice (Lmnb2–/–). Lmnb2–/– mice die at 

birth; however, newborn Lmnb2–/– mice are normal in size and there are no histopathological 

abnormalities in any organs, except for the brain. The brain in Lmnb2–/– mice is slightly smaller 

than normal, and there is a striking defect in the layering of neurons within the cerebral cortex. 

Subsequent studies of Lmnb2–/– embryos revealed a defect in the migration of neurons from the 
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ventricular zone to the cortical plate. The neuronal migration defect was documented both by 

BrdU birthdating experiments and immunohistochemical studies with cortical layer–specific 

markers (40). The development of the cerebellum is also profoundly abnormal in Lmnb2–/– 

embryos, with a complete absence of foliation and an absence of a discrete Purkinje cell layer. 

The layering of neurons in the hippocampus is also perturbed in Lmnb2–/– embryos (40).  

Occasional neurons in the cortical plate of Lmnb2–/– embryos have “comet-shaped” nuclei 

with detached centrosomes (located >20 µm from the cell nuclei) (41). These “stretched out” 

nuclei were never observed in wild-type brains. Lamin B1 remains uniformly distributed at the 

nuclear rim in Lmnb2–/– neurons.  

We proposed that the “stretched out” nuclei in Lmnb2–/– neurons are likely a consequence 

of the deformational stresses associated with nucleokinesis during neuronal migration (42, 43). A 

crucial step in neuronal migration is pulling the cell nucleus forward (by cytoplasmic motors) 

toward the centrosome in the direction of the leading edge of the cell (42, 43). We suspect that 

the structural integrity of the nuclear envelope is compromised by the absence of lamin B2 

(particularly since there is little or no Lmna expression in neurons during development) (41). We 

have suggested that the same forces that are meant to pull the nucleus forward are responsible for 

“stretching out” the nucleus (creating the distinctive comet-shaped nucleus) in Lmnb2–/– neurons 

(41-43). 

Lmnb2–/– embryonic fibroblasts exhibit few abnormalities; Lmnb2–/– fibroblasts grow 

normally and do not exhibit aneuploidy (40). Staining of Lmnb2–/– embryonic fibroblasts with 

antibodies against several nuclear envelope proteins did not uncover abnormalities in nuclear 

shape (40).  

After uncovering a role for lamin B2 in the developing brain, Coffinier and coworkers 
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were interested in ascertaining the importance of lamin B1 in brain development (41).  In 

approaching this problem, they built on earlier studies by Vergnes et al. (44), who had generated 

lamin B1–deficient mice (Lmnb1Δ/Δ) with a gene-trap ES cell clone.  Lmnb1Δ/Δ mice synthesize a 

lamin B1–βgeo fusion protein that lacks a large fraction of the lamin B1 coding sequences, 

including two known phosphorylation sites, the nuclear localization signal, and the carboxyl-

terminal CaaX motif (44). Lmnb1Δ/Δ mice were abnormally small during development and died 

shortly after birth, with abnormalities in lung and bones (44). In the work by Vergnes and 

coworkers, the possibility of neuropathology was not specifically investigated, but the authors 

did note that the calvarium in Lmnb1Δ/Δ mice was abnormally flattened and that these mice had 

abnormalities in the cranial sutures (44).  Interestingly, Lmnb1Δ/Δ embryonic fibroblasts in 

culture had misshapen nuclei and exhibited a reduced replication rate, polyploidy, and premature 

senescence (44).  

When Coffinier et al. (41) examined the brains of Lmnb1Δ/Δ embryos, they found that the 

characteristic layering of neurons in the cerebral cortex is markedly abnormal. Using a 

combination of BrdU birthdating and immunohistochemistry studies, they showed that the 

neuronal layering defect is due to defective neuronal migration. They also found that the cortical 

plate of Lmnb1Δ/Δ embryos is abnormally thin, with fewer neuronal progenitor cells and more 

apoptotic cells, implying a defect in neuronal survival. The cerebellum of Lmnb1Δ/Δ embryos is 

small and devoid of foliation.  

In Lmnb1Δ/Δ embryos, many of the neurons in the cortical plate contain a solitary nuclear 

bleb. Also, lamin B2 is asymmetrically distributed at the nuclear rim, with a large fraction of the 

lamin B2 being located at the rim of the nuclear bleb (41). The authors suggested that the solitary 

bleb might be the consequence of the deformational forces that occur with nucleokinesis during 
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neuronal migration (41). We have observed the same “solitary nuclear blebs” in cells of 

peripheral tissues of Lmnb1Δ/Δ embryos (unpublished observations), raising the possibility that 

deformational forces on cell nuclei could exist in peripheral tissues as well.  

To investigate the role of the B-type lamins in the postnatal brain, Coffinier et al. (41) 

took advantage of a forebrain-specific Cre transgene (Emx1-Cre) (45) and conditional knockout 

alleles for Lmnb1 and Lmnb2 (38) to create forebrain-specific Lmnb1 and Lmnb2 knockout mice 

(Emx1-Cre Lmnb1fl/fl and Emx1-Cre Lmnb2fl/fl, respectively). Immunohistochemical studies 

showed that the knockout mutations worked as planned; ~90% of the cells in the cortical plate of 

Emx1-Cre Lmnb1fl/fl and Emx1-Cre Lmnb2fl/fl embryos have no lamin B1 or lamin B2, 

respectively. Both forebrain-specific knockout mouse strains are viable, and by four months of 

age, Emx1-Cre Lmnb1fl/fl and Emx1-Cre Lmnb2fl/fl mice exhibit a markedly smaller forebrain, 

suggesting that the postnatal survival of neurons is impaired. Mice lacking both lamin B1 and 

lamin B2 in the forebrain (Emx1-Cre Lmnb1fl/flLmnb2fl/fl) were also generated.  In Emx1-Cre 

Lmnb1fl/flLmnb2fl/fl embryos, it is possible to identify neurons lacking both lamin B1 and lamin 

B2. However, in adult Emx1-Cre Lmnb1fl/flLmnb2fl/fl mice, the forebrain is completely atrophic; 

the thin layer of tissue representing the forebrain does not contain neurons, nor does it contain 

any cells lacking lamins B1 and B2. Thus, it would appear that neurons in the adult brain do not 

survive in the absence of both B-type lamins.  

Misshapen cell nuclei are common in forebrain neurons of Emx1-Cre Lmnb1fl/fl and 

Emx1-Cre Lmnb2fl/fl embryos. Many neurons in Emx1-Cre Lmnb1fl/fl embryos contain a solitary 

nuclear bleb, and comet-shaped nuclei are observed in neurons of Emx1-Cre Lmnb2fl/fl embryos. 

Interestingly, however, few of the neurons in the forebrain of adult Emx1-Cre Lmnb1fl/fl and 
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Emx1-Cre Lmnb2fl/fl mice are misshapen, perhaps because neurons of the adult brain (unlike the 

neurons of embryos) express lamin C (41, 46).  

At this point, we know that both lamin B1 and lamin B2 are crucial for brain 

development and postnatal neuron survival (40, 41). We also know that the neuropathology in 

the lamin B2–deficient mice is distinct from that in lamin B1–deficient mice (40, 41). Recently, 

Lee et al. (47) showed that increased expression of one B-type lamin only partially ameliorate 

the abnormalities associated with the loss of the other by generating “reciprocal knock-in mice”, 

supporting an idea that B-type lamins might have unique roles in brain development. However,	
  

all	
   these	
   observations	
   do	
   not	
   provide	
   clear-­‐cut	
   insights	
   into	
   how	
   lamin B1 and lamin B2 

function differently in brain development; further studies will be required to address this issue.  
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Figure	
   1.1	
   Schematic	
   diagram	
   of	
   nuclear	
   lamin	
   genes	
   and	
   nuclear	
   lamin	
   structure.	
   All	
  

nuclear	
  lamins	
  have	
  α-­‐helical	
  central	
  rod	
  domains	
  (in	
  grey)	
  flanked	
  by	
  globular	
  head	
  and	
  

tail	
  domains.	
  The	
  tail	
  domains	
  contain	
  a	
  nuclear	
  localization	
  signal	
  (NLS,	
  in	
  red).	
  Prelamin	
  

A	
  (664	
  amino	
  acids)	
  and	
  lamin	
  C	
  (572	
  amino	
  acids)	
  are	
  alternatively	
  spliced	
  products	
  of	
  a	
  

single	
   gene,	
   LMNA.	
   	
   Lamin	
   C	
   terminates	
  with	
   exon	
   10	
   sequences	
   and	
   contains	
   6	
   unique	
  

amino	
  acids	
  at	
  its	
  carboxyl	
  terminus	
  (in	
  green);	
  prelamin	
  A	
  contains	
  sequences	
  from	
  exons	
  

11	
  and	
  12	
  and	
  contains	
  98	
  unique	
  amino	
  acids	
  at	
  its	
  carboxyl	
  terminus	
  (in	
  sky	
  blue).	
  The	
  3ʹ′	
  

UTR	
  for	
  lamin	
  C	
  is	
  yellow;	
  the	
  3ʹ′	
  UTRs	
  for	
  the	
  other	
  nuclear	
  lamins	
  are	
  purple.	
  The	
  5ʹ′	
  UTRs	
  

are	
  colored	
  orange.	
   	
  Lamin	
  A	
  (646	
  amino	
  acids)	
   is	
   formed	
  from	
  prelamin	
  A	
  by	
  a	
  series	
  of	
  

four	
   posttranslational	
   processing	
   events	
   and	
   involves	
   the	
   removal	
   of	
   the	
   final	
   18	
   amino	
  

acids	
   of	
   prelamin	
   A.	
   	
   Lamin	
   B1	
   (586	
   amino	
   acids)	
   and	
   lamin	
   B2	
   (600	
   amino	
   acids)	
   are	
  

produced	
   from	
   independent	
   genes,	
   LMNB1	
   and	
   LMNB2,	
   respectively.	
   	
   All	
   of	
   the	
   lamins,	
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except	
   lamin	
   C,	
   contain	
   a	
   carboxyl-­‐terminal	
   CaaX	
   motif,	
   which	
   triggers	
   protein	
  

farnesylation.	
   	
   The	
   farnesylated	
   segment	
  of	
  prelamin	
  A	
   (in	
   sky	
  blue	
  with	
  blue	
   stripes)	
   is	
  

removed	
  during	
  the	
  biogenesis	
  of	
  mature	
  lamin	
  A. 



	
   13	
  

REFERENCES  

1. Melcer S, Gruenbaum Y, and Krohne G (2007) Invertebrate lamins. Exp Cell Res 

313:2157-2166. 

2. Broers JL, Ramaekers FC, Bonne G, Yaou RB, and Hutchison CJ (2006) Nuclear lamins: 

laminopathies and their role in premature ageing. Physiol Rev 86:967-1008. 

3. Worman HJ (2012) Nuclear lamins and laminopathies. J Pathol 226:316-325. 

4. Dittmer TA, and Misteli T (2011) The lamin protein family. Genome Biol 12:222. 

5. Rober RA, Weber K, and Osborn M (1989) Differential timing of nuclear lamin A/C 

expression in the various organs of the mouse embryo and the young animal: a 

developmental study. Development 105:365-378. 

6. Lebel S, Lampron C, Royal A, and Raymond Y (1987) Lamins A and C appear during 

retinoic acid-induced differentiation of mouse embryonal carcinoma cells. J Cell Biol 

105:1099-1104. 

7. Lin F, and Worman HJ (1993) Structural organization of the human gene encoding nuclear 

lamin A and nuclear lamin C. J Biol Chem 268:16321-16326. 

8. Lin F, and Worman HJ (1995) Structural organization of the human gene (LMNB1) 

encoding nuclear lamin B1. Genomics 27:230-236. 

9. Biamonti G, Giacca M, Perini G, Contreas G, Zentilin L, Weighardt F, Guerra M, Della 

Valle G, Saccone S, Riva S, and et al. (1992) The gene for a novel human lamin maps at a 

highly transcribed locus of chromosome 19 which replicates at the onset of S-phase. Mol 

Cell Biol 12:3499-3506. 



	
   14	
  

10. Erber A, Riemer D, Hofemeister H, Bovenschulte M, Stick R, Panopoulou G, Lehrach H, 

and Weber K (1999) Characterization of the Hydra lamin and its gene: A molecular 

phylogeny of metazoan lamins. J Mol Evol 49:260-271. 

11. Davies BS, Coffinier C, Yang SH, Jung HJ, Fong LG, and Young SG (2011) 

Posttranslational processing of nuclear lamins. The Enzymes, eds F. Tamanoi, C. A. 

Hrycyna, and M. O. Bergo (Elsevier, Amsterdam), Vol 29, pp 21-41. 

12. Fisher DZ, Chaudhary N, and Blobel G (1986) cDNA sequencing of nuclear lamins A and 

C reveals primary and secondary structural homology to intermediate filament proteins. 

Proc Natl Acad Sci U S A 83:6450-6454. 

13. McKeon FD, Kirschner MW, and Caput D (1986) Homologies in both primary and 

secondary structure between nuclear envelope and intermediate filament proteins. Nature 

319:463-468. 

14. Heitlinger E, Peter M, Lustig A, Villiger W, Nigg EA, and Aebi U (1992) The role of the 

head and tail domain in lamin structure and assembly: analysis of bacterially expressed 

chicken lamin A and truncated B2 lamins. J Struct Biol 108:74-89. 

15. Sullivan T, Escalante-Alcalde D, Bhatt H, Anver M, Bhat N, Nagashima K, Stewart CL, 

and Burke B (1999) Loss of A-type lamin expression compromises nuclear envelope 

integrity leading to muscular dystrophy. J Cell Biol 147:913-920. 

16. Lammerding J, Schulze PC, Takahashi T, Kozlov S, Sullivan T, Kamm RD, Stewart CL, 

and Lee RT (2004) Lamin A/C deficiency causes defective nuclear mechanics and 

mechanotransduction. J Clin Invest 113:370-378. 



	
   15	
  

17. Bione S, Maestrini E, Rivella S, Mancini M, Regis S, Romeo G, and Toniolo D (1994) 

Identification of a novel X-linked gene responsible for Emery-Dreifuss muscular 

dystrophy. Nat Genet 8:323-327. 

18. Ellis JA, Craxton M, Yates JR, and Kendrick-Jones J (1998) Aberrant intracellular 

targeting and cell cycle-dependent phosphorylation of emerin contribute to the Emery-

Dreifuss muscular dystrophy phenotype. J Cell Sci 111 (Pt 6):781-792. 

19. Worman HJ, Fong LG, Muchir A, and Young SG (2009) Laminopathies and the long 

strange trip from basic cell biology to therapy. J Clin Invest 119:1825-1836. 

20. Fong LG, Ng JK, Lammerding J, Vickers TA, Meta M, Cote N, Gavino B, Qiao X, Chang 

SY, Young SR, Yang SH, Stewart CL, Lee RT, Bennett CF, Bergo MO, and Young SG 

(2006) Prelamin A and lamin A appear to be dispensable in the nuclear lamina. J Clin 

Invest 116:743-752. 

21. Coffinier C, Jung HJ, Li Z, Nobumori C, Yun UJ, Farber EA, Davies BS, Weinstein MM, 

Yang SH, Lammerding J, Farahani JN, Bentolila LA, Fong LG, and Young SG (2010) 

Direct synthesis of lamin A, bypassing prelamin a processing, causes misshapen nuclei in 

fibroblasts but no detectable pathology in mice. J Biol Chem 285:20818-20826. 

22. Davies BS, Barnes RH, 2nd, Tu Y, Ren S, Andres DA, Spielmann HP, Lammerding J, 

Wang Y, Young SG, and Fong LG (2010) An accumulation of non-farnesylated prelamin 

A causes cardiomyopathy but not progeria. Hum Mol Genet 19:2682-2694. 

23. Davies BS, Coffinier C, Yang SH, Barnes RH, 2nd, Jung HJ, Young SG, and Fong LG 

(2011) Investigating the purpose of prelamin A processing. Nucleus 2:4-9. 

24. Davies BS, Fong LG, Yang SH, Coffinier C, and Young SG (2009) The posttranslational 

processing of prelamin A and disease. Annu Rev Genomics Hum Genet 10:153-174. 



	
   16	
  

25. Hennekes H, and Nigg EA (1994) The role of isoprenylation in membrane attachment of 

nuclear lamins. A single point mutation prevents proteolytic cleavage of the lamin A 

precursor and confers membrane binding properties. J Cell Sci 107 ( Pt 4):1019-1029. 

26. Bergo MO, Gavino B, Ross J, Schmidt WK, Hong C, Kendall LV, Mohr A, Meta M, 

Genant H, Jiang Y, Wisner ER, Van Bruggen N, Carano RA, Michaelis S, Griffey SM, and 

Young SG (2002) Zmpste24 deficiency in mice causes spontaneous bone fractures, muscle 

weakness, and a prelamin A processing defect. Proc Natl Acad Sci U S A 99:13049-13054. 

27. Pendas AM, Zhou Z, Cadinanos J, Freije JM, Wang J, Hultenby K, Astudillo A, Wernerson 

A, Rodriguez F, Tryggvason K, and Lopez-Otin C (2002) Defective prelamin A processing 

and muscular and adipocyte alterations in Zmpste24 metalloproteinase-deficient mice. Nat 

Genet 31:94-99. 

28. Moulson CL, Go G, Gardner JM, van der Wal AC, Smitt JH, van Hagen JM, and Miner JH 

(2005) Homozygous and compound heterozygous mutations in ZMPSTE24 cause the 

laminopathy restrictive dermopathy. J Invest Dermatol 125:913-919. 

29. Navarro CL, Cadinanos J, De Sandre-Giovannoli A, Bernard R, Courrier S, Boccaccio I, 

Boyer A, Kleijer WJ, Wagner A, Giuliano F, Beemer FA, Freije JM, Cau P, Hennekam 

RC, Lopez-Otin C, Badens C, and Levy N (2005) Loss of ZMPSTE24 (FACE-1) causes 

autosomal recessive restrictive dermopathy and accumulation of Lamin A precursors. Hum 

Mol Genet 14:1503-1513. 

30. Fong LG, Ng JK, Meta M, Cote N, Yang SH, Stewart CL, Sullivan T, Burghardt A, 

Majumdar S, Reue K, Bergo MO, and Young SG (2004) Heterozygosity for Lmna 

deficiency eliminates the progeria-like phenotypes in Zmpste24-deficient mice. Proc Natl 

Acad Sci U S A 101:18111-18116. 



	
   17	
  

31. De Sandre-Giovannoli A, Bernard R, Cau P, Navarro C, Amiel J, Boccaccio I, Lyonnet S, 

Stewart CL, Munnich A, Le Merrer M, and Levy N (2003) Lamin a truncation in 

Hutchinson-Gilford progeria. Science 300:2055. 

32. Eriksson M, Brown WT, Gordon LB, Glynn MW, Singer J, Scott L, Erdos MR, Robbins 

CM, Moses TY, Berglund P, Dutra A, Pak E, Durkin S, Csoka AB, Boehnke M, Glover 

TW, and Collins FS (2003) Recurrent de novo point mutations in lamin A cause 

Hutchinson-Gilford progeria syndrome. Nature 423:293-298. 

33. Harborth J, Elbashir SM, Bechert K, Tuschl T, and Weber K (2001) Identification of 

essential genes in cultured mammalian cells using small interfering RNAs. J Cell Sci 

114:4557-4565. 

34. Belmont AS, Zhai Y, and Thilenius A (1993) Lamin B distribution and association with 

peripheral chromatin revealed by optical sectioning and electron microscopy tomography. J 

Cell Biol 123:1671-1685. 

35. Tsai MY, Wang S, Heidinger JM, Shumaker DK, Adam SA, Goldman RD, and Zheng Y 

(2006) A mitotic lamin B matrix induced by RanGTP required for spindle assembly. 

Science 311:1887-1893. 

36. Moir RD, Montag-Lowy M, and Goldman RD (1994) Dynamic properties of nuclear 

lamins: lamin B is associated with sites of DNA replication. J Cell Biol 125:1201-1212. 

37. Tang CW, Maya-Mendoza A, Martin C, Zeng K, Chen S, Feret D, Wilson SA, and Jackson 

DA (2008) The integrity of a lamin-B1-dependent nucleoskeleton is a fundamental 

determinant of RNA synthesis in human cells. J Cell Sci 121:1014-1024. 



	
   18	
  

38. Yang SH, Chang SY, Yin L, Tu Y, Hu Y, Yoshinaga Y, de Jong PJ, Fong LG, and Young 

SG (2011) An absence of both lamin B1 and lamin B2 in keratinocytes has no effect on cell 

proliferation or the development of skin and hair. Hum Mol Genet 20:3537-3544. 

39. Yang SH, Jung HJ, Coffinier C, Fong LG, and Young SG (2011) Are B-type lamins 

essential in all mammalian cells? Nucleus 2:562-569. 

40. Coffinier C, Chang SY, Nobumori C, Tu Y, Farber EA, Toth JI, Fong LG, and Young SG 

(2010) Abnormal development of the cerebral cortex and cerebellum in the setting of lamin 

B2 deficiency. Proc Natl Acad Sci U S A 107:5076-5081. 

41. Coffinier C, Jung HJ, Nobumori C, Chang S, Tu Y, Barnes RH, 2nd, Yoshinaga Y, de Jong 

PJ, Vergnes L, Reue K, Fong LG, and Young SG (2011) Deficiencies in lamin B1 and 

lamin B2 cause neurodevelopmental defects and distinct nuclear shape abnormalities in 

neurons. Mol Biol Cell 22:4683-4693. 

42. Solecki DJ, Govek EE, Tomoda T, and Hatten ME (2006) Neuronal polarity in CNS 

development. Genes Dev 20:2639-2647. 

43. Salina D, Bodoor K, Eckley DM, Schroer TA, Rattner JB, and Burke B (2002) 

Cytoplasmic dynein as a facilitator of nuclear envelope breakdown. Cell 108:97-107. 

44. Vergnes L, Peterfy M, Bergo MO, Young SG, and Reue K (2004) Lamin B1 is required for 

mouse development and nuclear integrity. Proc Natl Acad Sci U S A 101:10428-10433. 

45. Gorski JA, Talley T, Qiu M, Puelles L, Rubenstein JL, and Jones KR (2002) Cortical 

excitatory neurons and glia, but not GABAergic neurons, are produced in the Emx1-

expressing lineage. J Neurosci 22:6309-6314. 



	
   19	
  

46. Jung HJ, Coffinier C, Choe Y, Beigneux AP, Davies BS, Yang SH, Barnes RH, 2nd, Hong 

J, Sun T, Pleasure SJ, Young SG, and Fong LG (2012) Regulation of prelamin A but not 

lamin C by miR-9, a brain-specific microRNA. Proc Natl Acad Sci U S A 109:E423-431. 

47. Lee JM, Tu Y, Tatar A, Wu D, Nobumori C, Jung HJ, Yoshinaga Y, Coffinier C, de Jong 

PJ, Fong LG, and Young SG (2014) Reciprocal knock-in mice to investigate the functional 

redundancy of lamin B1 and lamin B2. Mol Biol Cell. 



	
   20	
  

 

 

 

 

 

 

 

 

 

Chapter 2: 

Regulation of Prelamin A but Not Lamin C by MiR-9, a Brain-specific MicroRNA 



	
   21	
  



	
   22	
  



	
   23	
  



	
   24	
  



	
   25	
  



	
   26	
  



	
   27	
  



	
   28	
  



	
   29	
  



	
   30	
  



	
   31	
  



	
   32	
  



	
   33	
  



	
   34	
  



	
   35	
  



	
   36	
  



	
   37	
  



	
   38	
   



	
   39	
  

 

 

 

 

 

 

 

 

 

Chapter 3: 

New Lmna Knock-in Mice Provide a Molecular Mechanism for the “Segmental Aging” in 

Hutchinson-Gilford Progeria Syndrome 



	
   40	
  



	
   41	
  



	
   42	
  



	
   43	
  



	
   44	
  



	
   45	
  



	
   46	
  



	
   47	
  



	
   48	
  



	
   49	
  



	
   50	
  



	
   51	
  



	
   52	
  



	
   53	
  



	
   54	
  



	
   55	
  



	
   56	
  



	
   57	
  



	
   58	
  



	
   59	
  



	
   60	
  



	
   61	
  



	
   62	
  



	
   63	
  



	
   64	
  



	
   65	
  



	
   66	
  

 



	
   67	
  

 

 

 

 

 

 

 

 

 

Chapter 4: 

Farnesylation of Lamin B1 Is Important for Retention of Nuclear Chromatin During 

Neuronal Migration 



	
   68	
  



	
   69	
  



	
   70	
  



	
   71	
  



	
   72	
  



	
   73	
  



	
   74	
  



	
   75	
  



	
   76	
  



	
   77	
  



	
   78	
  



	
   79	
  



	
   80	
  



	
   81	
  



	
   82	
  



	
   83	
  



	
   84	
   



	
   85	
  

 

 

 

 

 

 

 

 

 

Chapter 5: 

An Absence of All Nuclear Lamins in Keratinocytes Leads to Defective Skin Barrier 

Development and Interspersion of Nuclear Membrane Proteins with Chromatin  



	
   86	
  

ABSTRACT 

Until recently, dogma held that the B-type lamins were essential proteins in eukaryotic cells with 

vital functions in DNA replication, gene transcription, heterochromatin organization, and mitotic 

spindle assembly. However, recent studies have challenged this notion. Mice lacking both lamin 

B1 and lamin B2 in keratinocytes had no skin pathology and the keratinocytes showed normal 

growth rate and heterochromatin distribution in the nucleus. Also, an absence of both B-type 

lamins in hepatocytes did not lead to liver pathology. More surprisingly, mouse embryonic stem 

cells without any of the nuclear lamins were reported to proliferate and differentiate normally 

and to form teratomas upon subcutaneous injection into immune-deficient mice. In the current 

study, we generated keratinocyte-specific Lmna/Lmnb1/Lmnb2 triple-knockout mice to 

investigate whether nuclear lamins are required for proliferation and differentiation of cells in 

vivo. Mice lacking all nuclear lamins in skin keratinocytes manifested skin barrier defects and 

died soon after birth due to lethal dehydration. Also, neutral lipids were abnormally accumulated 

in the stratum corneum of the triple-knockout skin. Nuclear membrane proteins were often 

mislocalized in nucleoplasm and interspersed with the chromatin. These studies suggest that 

nuclear lamins are essential for the vitality of keratinocytes in vivo and the normal skin barrier 

development.    

INTRODUCTION 

The B-type lamins have been considered to play crucial roles in eukaryotic cells. Many previous 

in vitro studies have contributed to this view. For example, lamin B was shown to localize to 

sites of DNA replication during S-phase in cultured cells (1). Disruption of nuclear lamin 

organization by dominant-negative lamin B mutants in Xenopus eggs extracts blocked DNA 
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replication (2, 3), mitotic spindle assembly (4), and nuclear envelope assembly in interphase (5). 

In addition, RNAi-mediated knockdown of lamin B1 and lamin B2 led to mitotic arrest (6). The 

importance of B-type lamins in chromatin organization and gene expression at the nuclear 

periphery was also suggested  (7, 8). 

However, until recently, the in vivo relevance of those cell culture studies to the roles of 

B-type lamins had never been tested. To address this issue, Yang et al. (9) generated mice 

lacking both lamin B1 and lamin B2 in skin keratinocyte using Lmnb1 and Lmnb2 conditional 

knockout alleles. Surprisingly, a complete absence of both lamin B1 and lamin B2 in skin 

keratinocytes had no discernible effect on keratinocyte growth or on the complex developmental 

programs of the skin and hair. Even though misshapen nuclei were observed in Lmnb1/Lmnb2–

deficient keratinocytes in culture, nuclear abnormalities were never found within the skin of the 

keratinocyte-specific Lmnb1/Lmnb2 double knockout mice (9). Similarly, a loss of B-type lamins 

in hepatocytes had no adverse impacts on the liver (10). More recently, Kim et al. (11) reported 

that mouse embryonic stem (ES) cells grew and differentiated normally in vitro without any of 

the nuclear lamins. They also showed that Lmna/Lmnb1/Lmnb2 triple-knockout mouse ES cells 

were capable of forming teratomas when injected subcutaneously into immune-deficient mice. 

All these discoveries were unexpected and raised doubts about whether the B-type lamins truly 

have unique roles in mitosis, DNA replication, etc.  

Of note, the expression levels of A-type lamins are quite low in mouse ES cells raising a 

possibility that loss of A-type lamins in addition to B-type lamins might have a minimal impact 

on those cells. In addition, effects of a complete lamin deficiency on cell differentiation are 

unclear. In the current study, we explored whether nuclear lamins are dispensable for the vitality 

of cells in vivo using mice lacking all nuclear lamins in skin keratinocytes. Keratinocytes express 
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high levels of A-type lamins and undergo complex developmental program repeatedly. For these 

reasons, we chose skin-specific knockout mice as a model system to address the question.   

RESULTS 

Generation of mice lacking both A-type and B-type lamins in keratinocytes  

We generated keratinocyte-specific Lmna/Lmnb1/Lmnb2 triple-knockout mice (Lmna–/–

Lmnb1fl/flLmnb2fl/flK14Cre or Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ) by crossing conventional Lmna 

knockout mice (12) with conditional Lmnb1/Lmnb2 double-knockout mice carrying keratin 14–

Cre transgene (9).   

Both A-type and B-type lamins were undetectable in skin keratinocytes of newborn 

Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice by immunohistochemistry (Fig. 5.1). Expression of lamin A, 

lamin C, lamin B1, and lamin B2 proteins in primary keratinocytes isolated from newborn Lmna–

/–Lmnb1Δ/ΔLmnb2Δ/Δ mice were also minimal (Fig. 5.S1).  

Defective skin barrier development in Lmna–/–Lmnb1Δ /ΔLmnb2Δ /Δ  mice 

Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice were born at the expected Mendelian frequency (Fig. 5.2A) and 

were similar in size to control littermates (either Lmna+/+Lmnb1Δ/ΔLmnb2Δ/Δ or Lmna+/–

Lmnb1Δ/ΔLmnb2Δ/Δ) (Fig. 5.2B). However, the triple-knockout mice often exhibited ichthyosis 

phenotype (Fig. 5.2, B and C) and none of them survived over weaning age (Fig. 5.2A). They 

also showed defective and retarded skin barrier development, as judged by toluidine blue 

staining (Fig. 5.2D). In Lmna+/+Lmnb1Δ/ΔLmnb2Δ/Δ mice, the dye could not penetrate into the 

skin, but in the triple-knockout mice, the overall skin was darkly stained with the dye and the 

staining was more intense in the forelimb paws.   
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We suspected that the early death of Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice related to the 

defective skin barrier. To assess this idea, we compared epidermal water loss by measuring body 

weight changes after separating newborn pups from the mother to prevent milk intake (Fig. 

5.2E). Either Lmna+/+Lmnb1Δ/ΔLmnb2Δ/Δ or Lmna+/–Lmnb1Δ/ΔLmnb2Δ/Δ mice lost less than 3% of 

their body weight over 7 h of observation. In contrast, Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice lost more 

than 10% of their body weight and were lethally dehydrated.  

Abnormal accumulation of neutral lipids in the stratum corneum of Lmna–/–

Lmnb1Δ /ΔLmnb2Δ /Δ  mice 

Previously, neutral lipid metabolism, particularly triacylglycerol (TAG) hydrolysis, has been 

associated with skin barrier defects (13). Epidermal permeability barrier is formed in the stratum 

corneum (the cornified layer of the skin) and the lipids in the extracellular matrix of the stratum 

corneum are crucial for the barrier function. Even while TAG is a minor lipid species secreted by 

lamellar bodies from keratinocytes, mice lacking CGI-58 (comparative gene identification-58), 

an essential protein for TAG hydrolysis, manifest ichthyosiform skin defect (14). Also, all 

known NLSD (neutral lipid storage disease) patients with mutations in the CGI-58 gene suffer 

from ichthyosis (15). To examine whether the ichthyosis phenotype of Lmna–/–

Lmnb1Δ/ΔLmnb2Δ/Δ mice relates to abnormal deposition of neutral lipids in the stratum corneum, 

we stained skin sections from newborn Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice with BODIPY, a dye 

staining neutral lipids (16) (Fig. 5.3). In the skin of Lmna+/+Lmnb1Δ/ΔLmnb2Δ/Δ mice, lipid 

droplets were found around hair follicles, but not in the stratum corneum. However, in the skin 

of Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice, large amounts of lipid droplets were stained in the stratum 

corneum.   
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Interspersion of nuclear membrane proteins with chromatin in Lmna–/–Lmnb1Δ /ΔLmnb2Δ /Δ  

keratinocytes 

Next, we assessed whether an absence of all nuclear lamins affects localization of nuclear 

membrane proteins that are known to interact with lamins. LAP2β, the largest isoform of LAP2 

(lamina-associated polypeptide 2), is an integral protein of the inner nuclear membrane (INM). 

In vitro binding assays showed that LAP2β bound to lamin B1 (17) and lamins were proposed to 

affect targeting of LAP2β proteins to the INM (18). Interestingly, in Lmna+/+Lmnb1Δ/ΔLmnb2Δ/Δ 

keratinocytes lacking both lamin B1 and lamin B2, LAP2β was normally located at the nuclear 

rim (Fig. 5.4). In contrast, in Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ keratinocyte lacking all nuclear lamins, 

LAP2β was often found within the nucleoplasm in a patchy distribution and interspersed with the 

chromatin. The localization of LAP2β was normal in the dermis of Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ 

mice, which expresses B-type lamins (Fig. 5.4). 

We also examined localization of emerin by immunohistochemistry (Fig. 5.S2). Emerin 

is an inner nuclear membrane protein associated with Emery-Dreifuss muscular dystrophy 

(EDMD) (19). In Lmna–/– cells, emerin was mislocalized to the endoplasmic reticulum (ER) (12) 

and A-type lamins, particularly Lamin A, have been suggested to assist targeting of emerin to the 

nuclear envelope (20). Similar to LAP2β, emerin was mainly found at the nuclear rim in 

Lmna+/+Lmnb1Δ/ΔLmnb2Δ/Δ keratinocytes. As expected, in dermal fibroblasts of Lmna–/–

Lmnb1Δ/ΔLmnb2Δ/Δ mice without A-type lamins, emerin was located in the ER. However, in the 

epidermal keratinocytes of the same mice (which do not express B-type lamins, as well as A-type 

lamins), emerin was often observed in the nucleoplasm (Fig. 5.S2).   
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DISCUSSION 

Earlier cell biology studies suggested that B-type lamins have unique and essential roles in the 

nucleus including DNA replication, gene regulation, chromatin organization, and mitosis (1-8). 

However, recent genetic studies argue against this view. Yang et al. (9) generated keratinocyte-

specific Lmnb1/Lmnb2 double-knockout mice (Lmnb1Δ/ΔLmnb2Δ/Δ) and showed that B-type 

lamins are dispensable in keratinocytes. The double-knockout mice were free of pathology in the 

skin and hair and proliferation of Lmnb1Δ/ΔLmnb2Δ/Δ keratinocytes was similar to that of wild-

type keratinocytes. Heterochromatin distribution and nuclear envelope were also normal (9). In a 

subsequent study by Kim et al. (2), mouse ES cells lacking all nuclear lamins appeared to grow 

normally and differentiate into fibroblasts, neural and cardiac lineages. In the current study, we 

aimed to test in vivo relevance of nuclear lamins using keratinocyte-specific 

Lmna/Lmnb1/Lmnb2 triple-knockout mice (Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ). Intriguingly, Lmna–/–

Lmnb1Δ/ΔLmnb2Δ/Δ mice died within a couple of days after birth due to lethal desiccation. The 

mice showed defects in skin barrier development with ichthyosis phenotype and deposited 

abnormally large amounts of neutral lipids in the stratum corneum. Nuclear abnormality was also 

observed in Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ skin keratinocytes: nuclear membrane proteins were 

interspersed with the chromatin within nucleoplasm. 

The skin pathology of Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice has never been observed in either 

Lmna–/– mice (12) or Lmnb1Δ/ΔLmnb2Δ/Δ mice (9); which implies that the skin phenotype is an 

accumulative result of loss of both A-type and B-type lamins. This finding seems contradictory 

to the previous study by Kim et al. (2)—the authors showed that mouse ES cells without any 

nuclear lamins were indistinguishable to wild-type ES cells in the growth and differentiation. 

However, it is conceivable that the discrepancy between two studies comes from different 
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expression levels of nuclear lamins in ES cells and keratinocytes. The expression of A-type 

lamins increases significantly upon differentiation even while its expression is easily detectable 

even in ES cells (21-23). Yang et al. (9) proposed that high levels of A-type lamins in 

keratinocytes might compensate the lack of B-type lamins in Lmnb1Δ/ΔLmnb2Δ/Δ mice saving the 

mice from skin pathology. Perhaps, loss of A-type lamins in addition to B-type lamins might 

have more detrimental impacts on the vitality of such kinds of cells. Another possibility is that 

keratinocytes might be more vulnerable to a complete absence of nuclear lamins than ES cells 

because keratinocytes undergo complicated differentiation process repeatedly.  

Recently, Jahn et al. (24) reported that the Lmna–/– mice, which were initially generated 

by Sullivan et al. (12) and have been widely used in the lamin field, express truncated lamin A 

lacking exons 8–11. This finding raised concerns about possible impacts of the truncated lamin 

A on the mouse physiology and interpretation of studies using this mouse model. In the current 

study, we used the same Lmna–/– mouse model to generate Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice and 

we appreciate that we should be cautious in the interpretation of our findings. However, the 

Lmna–/– mice (12) do not manifest skin pathology implying that the truncated lamin A does not 

function as a dominant-negative mutant at least in the skin. How much the truncated lamin A 

retains the normal functions of wild-type lamin A is unknown, but it is clear that the partial 

function, if there is any, of the truncated lamin A is not enough to rescue the skin pathology of 

Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice.  

In the stratum corneum of Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice, abnormal deposition of 

neutral lipids was observed. This finding in part explains ichthyosis phenotype of the mice. In 

normal skin, triacylglycerol is secreted by lamellar bodies from keratinocytes and hydrolyzed by 

a lipase producing fatty acids; that are required for the generation of acylceramide to form skin 
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barrier and also suggested functioning as a ligand for nuclear hormone receptor to activate 

epidermal differentiation program (13). It would be interesting to compare levels of different 

lipid species in the stratum corneum of Lmna+/+Lmnb1Δ/ΔLmnb2Δ/Δ and Lmna–/–

Lmnb1Δ/ΔLmnb2Δ/Δ mice. How the absence of all nuclear lamins leads to accumulation of neutral 

lipids is currently unclear. We suspect that the answer might relate to the observation that nuclear 

membrane proteins were mislocalized in nucleoplasm and interspersed with the chromatin—

these nuclear abnormalities could alter signaling pathways across the nuclear envelope and gene 

expression profiles (25).  

Mislocalization of LAP2β and emerin in the nucleoplasm in the absence of all nuclear 

lamins seems quite plausible because nuclear lamins are a structural scaffolding for the nucleus. 

The nuclear lamina might function as a physical barrier of the nucleus assisting segregation of 

nucleoplasmic and cytoplasmic compartments; which is particularly likely because emerin was 

found in the nucleoplasm in the absence of B-type lamins in addition to A-type lamins. If it was 

just a loss of assistance of lamins to target emerin to the nuclear envelope, emerin is more likely 

found in the ER like what happens in Lmna–/– cells. To test this idea, ultrastructural examination 

of Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ nucleus by electron microscopy will be required.  

This study suggests that nuclear lamins are required for keratinocyte differentiation and 

normal skin barrier development. However, it is not clear whether a complete absence of nuclear 

lamins has adverse impacts on proliferation of keratinocytes in vivo. The number of 

keratinocytes in the newborn Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice seems comparable to that in 

Lmna+/+Lmnb1Δ/ΔLmnb2Δ/Δ mice implying that there is no significant defect in the growth. In vivo 

bromodeoxyuridine (BrdU) labeling studies or skin transplantation would provide a clear-cut 

answer.    
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MATERIALS AND METHODS 

Histology and Immunofluorescence Microscopy   

Freshly harvested mouse abdominal and back skins were embedded in OCT (Optimum Cutting 

Temperature) compound (Sakura Finetek) and sectioned (10-µm) with a cryostat. The sections 

were fixed either in ice-cold methanol (followed by acetone rinse) or 4% PFA, washed with 

0.1% Tween-20 in TBS, and incubated with M.O.M. Mouse Ig Blocking Reagent (Vector 

Laboratories). The following primary antibodies were used: a mouse monoclonal antibody 

against mature lamin A (1:400) (MAB3540; Millipore); a goat polyclonal antibody against lamin 

B1 (1:400) (sc-6217; Santa Cruz); a mouse monoclonal antibody against lamin B2 (1:100) (33-

2100; Invitrogen); a mouse monoclonal antibody against LAP2β (1:400) (611000; BD 

Biosciences); a mouse monoclonal antibody against Emerin (1:200) (NCL-EMERIN; 

Novocastra); and a rabbit polyclonal antibody against keratin 14 (1:800) (PRB-155P; Covance). 

M.O.M. Biotinylated Anti–Mouse IgG Reagent (Vector Laboratories) and Alexa Fluor–

conjugated streptavidin (Invitrogen) were used to detect binding of mouse monoclonal primary 

antibodies; Alexa Fluor–labeled donkey antibodies against goat or rabbit IgG (Invitrogen) were 

used to detect binding of other primary antibodies. Confocal microscopy images were recorded 

with a Zeiss LSM700 laser-scanning microscope [Plan Apochromat 20×/0.80 NA (air) or 

63×/1.4 NA (oil) objectives]. Z-stacked images were generated with Zen 2010 software (Zeiss).  

Light microscopy images were captured with a Leica MZ6 dissecting microscope [a Plan 

0.5× objective (air)] with a DFC290 digital camera (Leica) and were recorded with Leica 

Application Suite imaging software.  
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Western Blots 

Primary keratinocytes were isolated from the skin of newborn mouse as described 

previously (26). Briefly, the skin was floated on cold 0.25% trypsin (without EDTA) with 

dermal side facing down and was incubated overnight at 4°C. Next morning, the 

epidermis was gently separated from the dermis and was physically dissociated with a 

blade. Isolated keratinocytes were seeded on collagen I–coated plates and cultured in 

KGM-2 BulletKit medium (Lonza) at 37°C. After 4–6 days, cells were harvested and the 

cell pellets were lysed in urea buffer [9 M urea, 10 mM Tris-HCl (pH 8.0), 1 mM NaF, 1 

mM PMSF, 10 µM EDTA, 0.2%-mercaptoethanol, and a Roche Protease Inhibitors 

Cocktail Tablet]. Protein extracts were separated on 4–12% gradient polyacrylamide Bis-

Tris gels (Invitrogen) and transferred to a nitrocellulose membrane. The membranes were 

then incubated with the following primary antibodies: a goat polyclonal antibody against 

lamin A/C (1:400) (sc-6215; Santa Cruz); a goat polyclonal antibody against lamin B1 

(1:400) (sc-6217; Santa Cruz); a mouse monoclonal antibody against lamin B2 (1:400) 

(33-2100; Invitrogen); a rabbit polyclonal antibody against keratin 14 (1:800) (PRB-

155P; Covance); and a goat polyclonal antibody against actin (1:1000) (sc-1616; Santa 

Cruz). Binding of primary antibodies was detected with infrared (IR)-dye–conjugated 

secondary antibodies (Rockland) and an Odyssey infrared scanner (LI-COR).  

Skin Permeability Assay 

Toluidine blue staining to assess skin permeability was performed following the protocol 

described earlier (27). Briefly, newborn mice were euthanized; dehydrated in 25%, 50%, 

75% and 100% methanol serially for 2 min each; and rehydrated in 75%, 50%, and 25% 
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methanol for 1 min each. After washing in PBS twice for 3 min each, mice were 

incubated in 0.1% toluidine blue solution (in PBS) for 3 h at room temperature followed 

by destaining in PBS for 20 min.     
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Figure 5.1 Generation of mice lacking both A-type and B-type lamins in skin keratinocytes. Skin 

sections from newborn Lmna+/+Lmnb1Δ/ΔLmnb2Δ/Δ and Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice were 

stained with antibodies against keratin 14 (Krt14, red) and lamin B1 (green) along with an 

antibody against lamin A (white) (A) or lamin B2 (cyan) (B). DNA was visualized with DAPI 

(blue). As expected, both lamin B1 and lamin B2 were not detected in the keratin 14–positive 

keratinocytes in the epidermis of Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice; lamin A expression was not 

detected in the whole skin tissue. Scale bar, 50 µm.   
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Figure 5.2 Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice die soon after birth with skin barrier defects. (A) 

Numbers of mice per genotype at P1 and weaning age (3–4wks). (B and C) Images of newborn 

Lmna+/+Lmnb1Δ/ΔLmnb2Δ/Δ, Lmna+/–Lmnb1Δ/ΔLmnb2Δ/Δ, and Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice. 

Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice had ichthyosis phenotype. Scale bar, 0.5 cm. (D) Skin 

permeability barrier assay using toluidine blue solution. In contrast to Lmna+/+Lmnb1Δ/ΔLmnb2Δ/Δ 

mice, the overall skin of Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice were stained with the dye and the 

staining was strongest in the forelimb paw. Scale bar, 0.5 cm. (E) Epidermal water loss test with 

Lmna+/+Lmnb1Δ/ΔLmnb2Δ/Δ (n=3), Lmna+/–Lmnb1Δ/ΔLmnb2Δ/Δ (n=5), and Lmna–/–

Lmnb1Δ/ΔLmnb2Δ/Δ mice (n=4). Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice were lethally dehydrated in 7 h 

of observation.  
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Figure 5.3 Abnormal accumulation of neutral lipids in the stratum corneum of Lmna–/–

Lmnb1Δ/ΔLmnb2Δ/Δ mice. Skin sections from newborn Lmna+/+Lmnb1Δ/ΔLmnb2Δ/Δ and Lmna–/–

Lmnb1Δ/ΔLmnb2Δ/Δ mice were stained with BODITY (green); DNA was visualized with DAPI 

(red). Scale bar, 20 µm.   
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Figure 5.4 Interspersion of LAP2β with chromatin in the absence of all nuclear lamins. (A) 

Immunofluorescence microscopy of newborn skin sections stained for keratin 14 (Krt14, red) 

and LAP2β (green). DNA was stained with DAPI (blue). In the keratin 14–positive keratinocytes 

in the epidermis of Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ  mice, LAP2β was abnormally located in the 

nucleoplasm in a patchy distribution (white arrowheads); in the keratin 14–negative dermal 

fibroblasts of the same mice where B-type lamins are expressed, LAP2β was normally located at 

the nuclear rim (red arrowhead). Scale bar, 10 µm. (B) 3D-images of “half-cut open” nuclei 

stained for LAP2β (green). Images along the z-axis were captured and 3D-images were 

constructed with Volocity 5.4. The boundary of nuclei is outlined with white dashed lines.  
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Figure 5.S1 Western blot analysis of lamin expression in primary keratinocytes in culture. All of 

the lamins (A, B1, B2, and C) were barely detected in the protein extracts of Lmna–/–

Lmnb1Δ/ΔLmnb2Δ/Δ keratinocytes.  
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Figure 5.S2 Mislocalization of emerin in the nucleoplasm in the absence of all nuclear lamins. 

Skin sections from newborn Lmna+/+Lmnb1Δ/ΔLmnb2Δ/Δ and Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ mice 

were stained with antibodies against lamin B1 (red) and emerin (green); DNA was visualized 

with DAPI (blue). In the epidermal keratinocytes of Lmna–/–Lmnb1Δ/ΔLmnb2Δ/Δ  mice, emerin 

was mainly found in the nucleoplasm (white arrowheads); in the dermal fibroblasts of the same 

mice in which B-type lamins are expressed (but A-type lamins are absent), emerin was located in 

the ER (12). Scale bar, 20 µm. 
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