L T

/

D\

Farnesylation of lamin B1 is important for retention
of nuclear chromatin during neuronal migration

Hea-Jin Jung®, Chika Nobumori®, Chris N. Goulbourne®, Yiping Tu®, John M. Lee®, Angelica Tatar®, Daniel Wu®,

Yuko Yoshinaga®, Pieter J. de Jong®, Catherine Coffinier®, Loren G. Fong™', and Stephen G. Young

a,b,d,1

2Molecular Biology Institute, PDepartment of Medicine, and “Department of Human Genetics, University of California, Los Angeles, CA 90095; and “Children’s

Hospital Oakland Research Institute, Oakland, CA 94609

Edited by Mark Groudine, Fred Hutchinson Cancer Research Center, Seattle, WA, and approved April 18, 2013 (received for review February 28, 2013)

The role of protein farnesylation in lamin A biogenesis and the
pathogenesis of progeria has been studied in considerable detail,
but the importance of farnesylation for the B-type lamins, lamin B1
and lamin B2, has received little attention. Lamins B1 and B2 are
expressed in nearly every cell type from the earliest stages of de-
velopment, and they have been implicated in a variety of func-
tions within the cell nucleus. To assess the importance of protein
farnesylation for B-type lamins, we created knock-in mice express-
ing nonfarnesylated versions of lamin B1 and lamin B2. Mice ex-
pressing nonfarnesylated lamin B2 developed normally and were
free of disease. In contrast, mice expressing nonfarnesylated lamin
B1 died soon after birth, with severe neurodevelopmental defects
and striking nuclear abnormalities in neurons. The nuclear lamina in
migrating neurons was pulled away from the chromatin so that the
chromatin was left “naked” (free from the nuclear lamina). Thus,
farnesylation of lamin B1—but not lamin B2—is crucial for brain
development and for retaining chromatin within the bounds of
the nuclear lamina during neuronal migration.
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genetically modified mouse models

he nuclear lamina is an intermediate filament meshwork that

lies beneath the inner nuclear membrane. This lamina pro-
vides structural support for the nucleus and also interacts with
nuclear proteins and chromatin, thereby affecting many func-
tions within the cell nucleus (1, 2). In mammals, the main protein
components of the nuclear lamina are lamins A and C (A-type
lamins) and lamins B1 and B2 (B-type lamins).

Both B-type lamins and prelamin A (the precursor of lamin A)
terminate with a CaaX motif, which triggers three posttranslational
modifications (3-5): farnesylation of the carboxyl-terminal cyste-
ine (the “C” in the CaaX motif) (6), endoproteolytic cleavage of
the last three amino acids (the -aaX) (7, 8), and carboxyl methyl-
ation of the newly exposed farnesylcysteine (9, 10). Prelamin A
undergoes a second endoproteolytic cleavage event, mediated by
zinc metalloproteinase STE24 (ZMPSTE24), which removes 15
additional amino acids from the carboxyl terminus, including the
farnesylcysteine methyl ester (11-14). Lamins B1 and B2 do not
undergo the second cleavage step and therefore retain their far-
nesyl lipid anchor.

The discovery that Hutchinson-Gilford progeria syndrome
(HGPS) is caused by a LMNA mutation yielding an internally
truncated farnesyl-prelamin A (15) has focused interest in the
farnesylation of nuclear lamins. This interest has been fueled by
the finding that disease phenotypes in mouse models of HGPS
could be ameliorated by blocking protein farnesylation with a
protein farnesyltransferase inhibitor (FTI) (16-19). Most re-
cently, children with HGPS seemed to show a positive response
to FTI treatment (20).

The prospect of using an FTI to treat children with HGPS
naturally raises the issue of the importance of protein farnesyla-
tion for lamin B1 and lamin B2. The B-type lamins are expressed
in all mammalian cells and have been highly conserved during
vertebrate evolution. The B-type lamins have been reported to
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participate in many functions within the cell nucleus, including
DNA replication (21) and the formation of the mitotic spindle
(22). Recently, both lamin B1 and lamin B2 have been shown to
be important for neuronal migration within the developing brain
(23-26). A deficiency of either protein causes abnormal layering
of cortical neurons (23, 24). Coffinier et al. (24) proposed that
the neuronal migration defect might be the consequence of im-
paired integrity of the nuclear lamina. Whether the farnesylation
of lamin B1 or lamin B2 is important for neuronal migration is
not known.

Over the past few years, it has become increasingly clear that
mouse models are important for elucidating the in vivo relevance
of lamin posttranslational processing. In the case of prelamin A,
cell culture studies suggested that protein farnesylation plays
a vital role in the targeting of prelamin A to the nuclear rim (27—
29), but recent studies with gene-targeted mice have raised
questions about the in vivo relevance of those findings. For ex-
ample, knock-in mice that produce mature lamin A directly
(bypassing prelamin A synthesis and protein farnesylation) are
free of disease, and the nuclear rim positioning of lamin A in the
tissues of mice is quite normal (30).

To assess the importance of protein farnesylation for B-type
lamins, we reasoned that mouse models would be even more
important because these lamins are important for neuronal mi-
gration in the developing brain, a complex process that requires
the use of animal models. In the present study, we investigated
the in vivo functional relevance of protein farnesylation in B-type
lamins by creating knock-in mice expressing nonfarnesylated
versions of lamin B1 and lamin B2.

Significance

Both lamin B1 and lamin B2 have farnesyl lipid anchors, but
the importance of this lipid modification has been unclear.
We addressed that issue with knock-in mouse models. Mice
expressing nonfarnesylated lamin B2 developed normally and
were healthy. In contrast, mice expressing nonfarnesylated lamin
B1 exhibited a severe neurodevelopmental abnormality accom-
panied by a striking defect in the cell nucleus. During the mi-
gration of neurons, the nuclear lamina was pulled free of the
chromatin. Thus, farnesylation of lamin B1—but not lamin B2—
is crucial for neuronal migration in the brain and for the re-
tention of chromatin within the nuclear lamina.
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Fig. 1. Knock-in mice expressing nonfarnesylated versions of lamin B1 and
lamin B2. (A) Gene-targeting strategy to create the Lmnb1 allele, in which
the cysteine (Cys®®®) of the CaaX motif of Lmnb1 is replaced with a serine
(Ser®®). A new restriction endonuclease site, Sacl, was introduced into ad-
jacent sequences to facilitate genotyping. Exons are depicted as black boxes;
the 3’ UTR is white; loxP sites are represented by black arrowheads. Primer
locations for 5’ (black) and 3’ (gray) long-range PCR reactions are indicated
with arrows. (B) Gene-targeting strategy to create the Lmnb2 allele, in
which the cysteine (Cys°%®) of the CaaX motif of Lmnb2 is replaced with
a serine (Ser®®3). A Sall site was introduced in adjacent sequences. (C) The 5’
long-range PCR with the Lmnb1< allele yields an 8.2-kb fragment (lanes 2
and 3). The identity of the PCR product was confirmed by Sacl digestion; the
Sacl fragments (taking into account the newly introduced Sacl site) were 2.4,
2.2, 2.0, 1.1, and 0.6 kb in length (lanes 4 and 5). No PCR product was am-
plified from wild-type DNA (lane 6). (D) The 3’ long-range PCR with the
Lmnb1 allele yields a 4.5-kb fragment (lanes 2 and 3). No PCR product was
amplified from wild-type DNA (lane 4). (E) With the Lmnb2®® allele, the 5’
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Results

Knock-In Mice Expressing Nonfarnesylated Versions of Lamin B1 and
Lamin B2. We generated knock-in mice expressing nonfarnesylated
versions of lamin B1 and lamin B2 by changing the cysteine (C) of
the CaaX motif to a serine (S) (Fig. 1). The “Cys-to-Ser” alleles
were designated Lmnb1®S and Lmnb2°S. New restriction sites
were introduced in adjacent sequences (without changing any
other amino acids) to facilitate genotyping. Targeted embryonic
stem cell clones were initially identified by long-range PCR; the
identity of the PCR products was confirmed by restriction endo-
nuclease mapping (Fig. 1 C-F).

To determine if the targeted mutations abolished the far-
nesylation of lamins B1 and B2, we prepared primary mouse
embryonic fibroblasts (CMEFS) from embryonic day (E) 13.5
LmnbIS and Lmnb2>S embryos and performed metabolic
labeling with a farnesol analog, 8-anilinogeraniol (AG) (31). AG is
taken up by cells and incorporated into anilinogeranyl diphosphate,
which is then used as a substrate by protein farnesyltransferase.
Proteins modified by AG can be detected by Western blotting
with an AG-specific monoclonal antibody (31). The LmnbI<® and
Lmnb2S alleles worked as planned, eliminating farnesylation
of lamin B1 and lamin B2, respectively. In Lmnb1°%“S MEFs,
AG was incorporated into lamin B2 but not lamin B1 (Fig. 24); in
Lmnb2°®“> MEFs, AG was incorporated into lamin B1 but not
lamin B2 (Fig. 2B). We also assessed the electrophoretic migration
of nonfarnesylated lamins by SDS/PAGE because an absence of
farnesylation retards the electrophoretic mobility of prenylated
proteins (32). As expected, nonfarnesylated lamin B1 in Lmnbl <SS
MEFs and nonfarnesylated lamin B2 in Lmnb2“5'“S MEFs
migrated more slowly than the farnesylated lamins in wild-type
MEFs (Fig. 2 C and D).

Next, we examined nuclear morphology in Lmnb1“¥“S and
Lmnb2%%'“S MEFs by immunofluorescence microscopy. The ab-
sence of lamin B2 farnesylation did not perceptibly affect the lo-
calization of lamin B2, nor did it elicit nuclear shape abnormalities
(Fig. 2E, Right). In contrast, nuclear morphology was abnormal in
~30% of LmnbI“¥“> MEFs (29.9 + 13.6%) (Fig. 2G), with the
nonfarnesylated lamin B1 and LAP2f (lamin-associated poly-
peptide 2) being distributed in a honeycomb fashion [Fig. 2 E
(Left) and F]. The nonfarnesylated lamin B1 was concentrated at
the nuclear rim, even in cells with a honeycomb distribution of
lamin B1 (Fig. 2F, Center).

Lower Steady-State Levels of B-Type Lamins in the Absence of the
Farnesyl Lipid Anchor. Previously, Yang et al. (32) found that
abolishing the farnesylation of progerin (the mutant prelamin A in
HGPS) accelerated the turnover of progerin resulting in reduced
levels in cells. To determine if the absence of farnesylation af-
fected steady-state levels of lamin B1 and lamin B2, we performed
Western blots on protein extracts from wild-type, Lmnb1“5“S, and
Lmnb2%%'“S MEFs. Levels of lamin B2 in Lmnb2“%“S MEFs were
similar to those in wild-type MEFs (Fig. S1D). In contrast, lamin
Bl levels in Lmnb1“5'“S MEFs were ~35% lower (35.1 + 17.1%)
than in wild-type MEFs (Fig. S1B). The lower lamin B1 levels in
Lmnb1“¥“S> MEFs raised a question about whether the honey-
comb distribution of lamin B1 in those cells was because of the
absence of the farnesyl lipid anchor or simply because of the lower
levels of lamin B1 in cells. To address this issue, we used immu-
nofluorescence microscopy to compare the frequency of the
honeycomb nuclear phenotype in Lmnb1“>“S and LmnbI™'"~

long-range PCR yields an 8.7-kb fragment. The identity of the PCR product
was verified by digestion with Sall (with the newly introduced Sall site, the
expected products were 5.8 and 2.9 kb) (lanes 4 and 5). No PCR product was
obtained with wild-type DNA (lane 6). (F) The 3’ long-range PCR with the
Lmnb2® allele yields a 5.2-kb fragment (lanes 2, 4, 5, 7, and 8). No PCR
product was obtained with wild-type DNA (lanes 3, 6, and 9).

Jung et al.
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Fig. 2. Phenotypes of Lmnb1<*“> and Lmnb2“/“> MEFs. (A and B) Metabolic
labeling studies showing an absence of lamin B1 and lamin B2 farnesylation
in Lmnb1<“S and Lmnb2“/“> MEFs, respectively. Wild-type (Lmnb1** and
Lmnb2*"*), Lmnb1<'S, and Lmnb2>'“> MEFs were incubated with the far-
nesol analog AG, and proteins labeled with AG were detected by Western
blotting with an AG-specific monoclonal antibody (31). The lamin B1 in
Lmnb1°/> MEFs and the lamin B2 in Lmnb2“/> MEFs were not labeled by
AG. (C and D) Altered electrophoretic mobility of nonfarnesylated versions
of lamin B1 and lamin B2. Protein extracts from Lmnb1**, Lmnb1°<S,
Lmnb2*"*, and Lmnb2°'“> MEFs were size-fractionated on 7% (wt/vol) Tris-
Acetate SDS/PAGE gels, and Western blots were performed with antibodies
against lamin B1, lamin B2, or lamin C. The nonfarnesylated lamin B1 in
Lmnb1°/> MEFs and the nonfarnesylated lamin B2 in Lmnb2/“> MEFs mi-
grated more slowly than farnesyl-lamin B1 and farnesyl-lamin B2 in wild-
type cells. () Immunofluorescence microscopy of Lmnb1<*“> and Lmnb2<5'<
MEFs with antibodies against LAP2f (lamin-associated polypeptide 2; green)
and lamin B1 (red) or lamin B2 (red). Images along the z axis were captured
and merged (Zen 2010 software; Zeiss). In many Lmnb 1> MEFs, LAP2p and
lamin B1 were distributed in a honeycomb fashion. (Scale bar, 20 pm.) (F)
Optical sections through a nucleus of a Lmnb1¥> MEF along the z axis (Left,
top area; Center, middle area; Right, bottom area). Despite nuclear honey-
combing, lamin B1 was concentrated at the nuclear rim (Center). (Scale bar,
10 pm.) (G) Frequency of honeycomb nuclear phenotype in primary MEFs.
For each cell line, >100 cells were scored by two independent observers in
a blinded fashion. From left to right, WT (Lmnb1***), n = 3 cell lines; B1CS
(Lmnb1%%S), n = 5; WT (Lmnb2*'*), n = 3; B2CS (Lmnb2°%), n = 3; WT
(Lmnb1™%), n = 3; HET (Lmnb1*"), n = 4; and B1KO (Lmnb1™"), n = 2. The
honeycomb nuclear phenotype was more frequent in Lmnb1< cells than in
Lmnb1*'~ cells (P < 0.0001). Values represent mean + SD.

MEFs, where the levels of lamin B1 are very similar (64.9 +17.1%
of wild-type levels in LmnbI %S cells vs.. 63.4 + 8.0% in Lmnb1*'~
cells; P = 0.8819) (Fig. S1 B and F). Interestingly, the honeycomb
nuclear morphology was more frequent in LmnbI“>“S MEFs
(29.9 + 13.6%) than in LmnbI1*'~ MEFs (14.3 +7.3%) (P < 0.0001)
(Fig. 2G), implying that the absence of lamin B1 farnesylation
contributes significantly to the honeycomb nuclear phenogfspe.
Furthermore, in independently isolated lines of LmnblS
METFs, the levels of nonfarnesylated lamin B1 and the frequency of
the honeycomb nuclei were positively correlated (P = 0.0045)
(Fig. S1H), lending further support to the idea that nonfarnesylated
lamin B1 causes nuclear honeycombing. The frequency of nu-
clear blebs in Lmnb1°'“S and Lmnb1*'~ cells was similar (P =
0.87) (Fig. S1G).

Jung et al.

We also assessed levels of B-type lamins in the cerebral cortex of
LmnbI“¥S and Lmnb2°5'“S mice. The levels of lamin B1 in the
cortex were ~40% lower (40.5 + 10.6%) in Lmnb1“5'“> embryos
than in wild-type littermate control mice (Fig. S2 A and B), and
lamin B2 levels were ~30% lower (29.6 + 8.4%) in Lmnb2>'"S
embryos than in wild-type controls (Fig. S2 C and D). The reduced
levels of nonfarnesylated lamins in the cerebral cortex were not
because of reduced transcript levels; Lmnb1 and Lmnb2 transcript
levels in LmnbI®®S and Lmnb2°5“S mice were normal, as
judged by qRT-PCR (Fig. S2 E and F). We did not measure lamin
A and lamin C levels because the expression of the Lmna gene is
negligible in newborn mice (33).

Interestingly, the levels of lamin B2 in the cortex of Lmnb
embryos were ~37% lower (37.3 + 14.4%) than in wild-type mice
(P = 0.048) (Fig. S2 A4 and B), implying that the absence of lamin
B1 farnesylation affects the turnover of lamin B2. Lmnb2 transcript
levels in Lmnb1“>S mice were normal (Fig. S2E).

yi CS/CS

Farnesylation of Lamin B2, but Not Lamin B1, Is Dispensable. Lmnb] cs/es
mice died soon after birth, like Lmnb1 ™~ and Lmnb2™'~ mice (23,
34). Newborn LmnbI“>“> mice and E19.5 embryos were nearly
normal in size but had a flattened cranium (Fig. 34). The brain in
LmnbI“¥“S mice was smaller than in wild-type mice, with the
midbrain being most prominently affected [midbrain, 21.5 + 7.6%
smaller than in wild-type mice (P < 0.0001); cortex, 9.1 + 4.6%
smaller than in wild-type mice, (P = 0.00725)L§Fig. 3D, G, andJ).
The developmental phenotypes in LmnbI <> embryos, however,
were less severe than in LmnbI~~ embryos, which were much
smaller in size and had much smaller brains (Fig. 3 C, F, and I). Im-
munohistochemistry studies on the cerebral cortex of Lnnbl<S
embryos revealed abnormal layering of cortical neurons, but the
defect was far milder than in Lmnb1~'~ embryos (Fig. 3K) (24, 25).
Lmnb1*'~ mice were entirely normal and exhibited no detectable
abnormalities in the brain (Fig. 3 C, F, and I).

In contrast to the LmnbI®>S mice, Lmnb25/"S mice were
normal at birth (Fig. 3 B, E, and H), grew normally, were fertile,
and had a normal lifespan. Immunohistochemistry studies on the
cerebral cortex of Lmnb2°5“S embryos revealed no abnormali-
ties (Fig. 3K).

We also examined the histology of heart, liver, kidney, skin, and
intestine of LmnbI““S and Lmnb25'® mice and found no ab-
normalities (Fig. S3 4 and B). The lungs of newborn Lmnb <55
mice appeared less mature and had fewer alveoli, a phenotype that
was observed previously in lamin Bl-deficient mice (34). Immu-
nohistochemistry studies revealed a honeycomb distribution of
lamin B1 in the lung and intestine of Lmnb1“>“S mice, but not in
the other tissues (Fig. S3 C and D).

Nuclear Lamina Is Pulled Away from the Chromatin in Migratin

Lmnb1°5'° Neurons. To assess nuclear integrity of Lmnbl<5/©

neurons, we isolated cortical neuronal progenitor cells (NPCs)
from E13.5 embryos, generated neurospheres, cultured them in
differentiation medium, and then studied the nuclear morphology
of neurons as they migrated out of the neurospheres. Most of the
neurons from wild-type mice (LmnbI*'*) had round or oval-
shaped nuclei, with LAP2p and lamin B1 located mainly at the
nuclear rim (Fig. 44). In contrast, many Lmnb1 S neurons had
dumbbell-shaped nuclei (9.3 + 4.5%) (Fig. 44; but see also Fig.
6D). In those cells, most of the lamin B1 was located at one end of
the “dumbbell,” but the other end contained “naked chromatin”
(by this we mean chromatin free of the nuclear lamina) (Fig. 44,
outlined in white). Both ends of the dumbbell-shaped nuclei
contained DNA and were connected by a thin strand of DNA of
varying length. Both ends of the nucleus—and the thin strand
connecting them—were surrounded by LAP2p, a protein of the
inner nuclear membrane (Figs. 44 and 54). The lamin Bl-con-
taining end of the dumbbell-shaped nucleus was always in the
leading edge of the cell, as judged by pericentrin staining (Fig. 4B,
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Lmnb1*~ mice. (Scale bars, 100 pm.)

arrows), but the naked chromatin was in the other end of the cell
nucleus in the trailing edge of the cell (Fig. 4B, arrowheads). In
a single field, it was common to observe neurons at different stages
of DNA-lamin B1 separation (Fig. 4B, Left and Center).

The asymmetric distribution of nuclear envelope proteins in
dumbbell-shaped nuclei of Lmnb1“¥'“S neurons was not unique
to lamin B1; lamin B2 was found along with lamin B1 in the
leading end of dumbbell-shaped nuclei (Fig. 5 4 and C). In ad-
dition, most of the signal for SUN1 [Sadl and UNCS84 domain
containing 1, a component of the linker of nucleoskeleton and
cytoskeleton complex (LINC)] and Nup98 (Nucleoporin 98, a
nuclear pore protein) was located in the leading edge along with
the B-type lamins (Fig. 5E). Dumbbell-shaped nuclei with the
grossly asymmetric distribution of nuclear antigens and naked
chromatin were rare in wild-type or Lmnb2“%“S neurons (less than
2.4% of cells) (Figs. 5 B, D, and F, and 6D).

To assess whether the dumbbell-shaped nuclei are common
among all types of migrating Lmnb1“5'S cells, we performed wound
healing studies in MEFs from wild-type and Lmnbl“¥“S mice. In
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contrast to LmnbI“>“> neurons, the nuclear shapes of migrating
LmnbI¥'“> MEFs were normal (Fig. S4).

We also found similar dumbbell-shaped nuclei in Lmnbl
neurons. In those cells, lamin B2 and the nuclear pore proteins
Nup98 and Nup153 were largely located in the leading edge of
the nucleus, but naked chromatin was at the other end (Fig. 6 4A-C).
Quantitative analyses confirmed the high frequency of dumbbell-
shaped nuclei in Lmnbl™~ and LmnbI“> neurons (LmnbIl~~
422 + 7.6%; LmnbIS, 93 + 45%), (Fi Fig. 6D). Of note,
dumbbell- shaped nuclei were rare in LmnbI*'"~ neurons (1.4 +
3.9%; Lmnbl*'~ vs.. Lmnb1“S, L 0.0001), implying that the
dumbbell-shaped nuclei in LmnbI > neurons are a result of the
absence of lamin B1 farnesylation and not because of lower levels
of lamin B1 (Fig. 6D).

To determine if the dumbbell-shaped nuclei were simply a
peculiarity of cultured neurospheres, we examined nuclear
morphology in brains of Lmnbl“>S embryos Remarkably,
many neurons in the midbrain of LmnbI®S mice were
markedly elongated and had naked chromatin devoid of a sur-
rounding lamina (Fig. 74, B, and D). Once again, LAP2f was visible

—/—
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Fig. 4. Immunofluorescence microscopy images of dumbbell-shaped nuclei
in Lmnb15 neurons (where the nuclear lamina is separated from the bulk
of the chromatin). Cortical NPCs were isolated from E13.5 Lmnb1** and
Lmnb1°/> embryos and cultured in serum-containing medium to generate
neurospheres. The neurospheres were then cultured in differentiation me-
dium to promote neuronal differentiation and migration. (A) Low-magni-
fication images of cells stained with antibodies against LAP2§ (green) and
lamin B1 (red). DNA was stained with DAPI (blue). Images of neurons mi-
grating near the edge of the neurospheres (at the bottom of the images) are
shown. The nuclei of Lmnb1*"* neurons were mostly round, and LAP2p and
lamin B1 were located mainly at the nuclear rim. In contrast, many migrating
Lmnb1°/> neurons had dumbbell-shaped nuclei (outlined in white) sur-
rounded by LAP2. [The localization of LAP2f around both ends of the nu-
cleus was clear in higher-magnification images (Fig. 5A).] In those cells, the
nonfarnesylated lamin B1 was found at one end of the dumbbell, but the
bulk of the chromatin was located in the other end of the dumbbell and
lacked a coat of lamin B1 (naked chromatin). (Scale bars, 20 pm.) (B) Higher-
magnification images of migrating Lmnb1<“> neurons stained with anti-
bodies against pericentrin (green) and lamin B1 (red). DNA was visualized
with DAPI (white). In the dumbbell-shaped Lmnb1<'“* nuclei, lamin B1 was
always found closer to the leading edge of the cells, as judged by pericentrin
staining (arrows); naked chromatin was found in the trailing edge (arrow-
heads). The length of the thin strand of DNA connecting the two ends of
dumbbell-shaped nuclei was variable but was occasionally longer than
70 pm. (Scale bars, 10 um.)

around the naked chromatin, and it often exhibited a honeycomb
pattern (Fig. 7B, arrowheads). Dumbbell-shaped nuclei connected
by long thin DNA strands were occasionally observed in midbrain
sections, but were less common than in the cultured cells because
of the tight packing of cells and the vagaries of sectioning (Fig. 7D).
No such abnormalities were found in the midbrain of wild-type or
Lmnb2°%S mice (Fig. 7C and Fig. S5).

Dumbbell-shaped nuclei with naked DNA were also observed
in the cortex of Lmnb1“5“S embryos, but they were less frequent
and were confined to the intermediate zone (Fig. S6A4). In-
terestingly, honeycomb nuclei were found throughout the ven-
tricular zone in Lmnb1“5“S embryos (Fig. S6B). In wild-type and
Lmnb2“¥“S embryos, honeycomb nuclei were very rare, and
virtually all of the lamin Bl and lamin B2 were located at the
nuclear rim (Fig. S6).

To determine if the absence of lamin B1 or lamin B2 farne-
sylation led to morphological abnormalities in the inner or outer
nuclear membranes, we looked at the nuclear envelope of cor-
tical neurons from E17.5 Lmnb1 S mice by electron micros-
copy (Fig. 8). Many neurons in the cortex of Lmnbl<S/CS
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embryos (but not wild-type or Lmnb2“5'“S embryos) had nuclear

blebs surrounded by an inner and outer nuclear membrane (Fig.
8 A and B, arrowheads). The blebs contained small amounts of
chromatin, but far less than in the remainder of the nucleus (Fig.
8C, arrow). In some images, we observed separation of the inner
and outer membranes but for the most part they were contiguous
(Fig. 8D and Movie S1).

Discussion

Prelamin A prenylation has attracted considerable attention,
whereas the importance of farnesylation for B-type lamins has
been neglected. In the present study, we investigated the in vivo
functional relevance of lamin Bl and lamin B2 farnesylation
by creating knock-in mice expressing nonfarnesylated versions
of lamins B1 and B2 (LmnbI““® and Lmnb2“>'“S mice). The
targeted mutations worked as planned, abolishing the farnesy-
lation of the lamin proteins, as judged by metabolic labeling
studies and by altered migration of the mutant lamin proteins by
SDS/PAGE. Our studies revealed that lamin B1’s farnesyl lipid

Lmnb1°5CS B Lmnb2**  Lmnb2csics

A Lmnb1tl*

E Lmnbt*™*  Lmnb1cscs F Lmnb2**  Lmnb2°Sics

Fig. 5. Immunofluorescence microscopy images of neurons migrating out
of neurospheres, illustrating the asymmetric distribution of nuclear enve-
lope proteins. (A and B) Neurons stained for pericentrin (green), LAP28 (red),
and lamin B1 (magenta); (C and D) pericentrin (green) and lamin B2 (red); (E)
SUN1 (green) and Nup98 (red); and (F) Nup153 (green) and Nup98 (red).
DNA was stained with DAPI (white except Upper area of E and F, where it is
blue). In Lmnb1</“> neurons, lamin B2, SUN1, and Nup98 were located
largely in the leading end of dumbbell-shaped nuclei (A, C, and E; arrows),
but the other end contained nuclear lamina-free chromatin (arrowheads).
Small amounts of SUN1 and Nup98 remnants were observed in the trailing
end of the dumbbell-shaped nuclei (E). In Lmnb2°“> neurons, nuclear en-
velope proteins were normally located at the nuclear rim (B, D, F). (Scale
bars, 10 pm.)
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Fig. 6. Dumbbell-shaped nuclei in Lmnb1~'~ neurons. (A-C) Immunofluo-

rescence microscopy images of Lmnb1** and Lmnb1~'~ neurons migrating
from neurospheres, showing the asymmetric distribution of lamin B2 and
nuclear pore proteins Nup98 and Nup153 in Lmnb1~'~ neurons. (A) Lmnb1*"*
and Lmnb 1™~ neurons stained with antibodies against pericentrin (green),
LAP2p (red), and lamin B1 (magenta); (B) pericentrin (green) and lamin B2
(red); (C) Nup98 (red) and Nup153 (green). DNA was visualized with DAPI
(white except Upper area of C, where it is blue). (D) Frequency of dumbbell-
shaped nuclei in WT and mutant neurons. From left to right, Lmnb1** (wild-
type), n = 4; Lmnb1<'“> (B1CS), n = 5; Lmnb2*"* (WT), n = 1; Lmnb2</®
(B2CS), n = 1; Lmnb1*'* (WT), n = 4; Lmnb1*~ (HET), n = 3; Lmnb1~'~ (B1KO),
n = 3. For each cell line, >180 cells were counted by two independent
observers in a blinded fashion. Values represent mean + SD.

anchor is essential for brain development and postnatal survival,
but lamin B2 farnesylation is dispensable. Another major finding
of our studies is that lamin Bl is required for the retention of
chromatin within the bounds of the nuclear lamina during neu-
ronal migration. In Lmnb1“5'“S mice, we observed many neurons
in which the chromatin was detached from the nuclear lamina
and left behind in the trailing edge of the cell. This nuclear ab-
normality has not been identified previously in neurons or any
other cell types. Finally, our studies showed that the absence of
the farnesyl lipid anchor leads to lower steady-state levels of the
B-type lamins, particularly in the developing brain.

The phenotypes of Lmnb2“5'“S mice were distinct from those
of Lmnb2™~ mice (23). Lmnb2™'~ mice manifested striking
neurodevelopmental abnormalities and died soon after birth. In
contrast, Lmnb2°%“S mice were normal with no detectable pa-
thology. In particular, nonfarnesylated lamin B2 did not result in
the neurodevelopmental abnormalities that accompany a com-
plete deficiency of lamin B2. The phenotypes of Lmnbl > and
LmnbI~'~ mice were also different. Both mice exhibited neuro-
nal migration defects and perinatal lethality, but the overall size
of newborn Lmnb1“5“S mice was normal (except for the brain);
in contrast, Lmnbl~'~ embryos were extremely small (24, 34). It
would appear that nonfarnesylated lamin B1 is adequate for the
growth and development of most organ systems but not for de-
velopment of the brain. Even in the brain, nonfarnesylated lamin
Bl probably retains partial function because the neuro-
developmental defects in Lmnbl““S mice were considerably
milder than in LmnbI~'~ mice.
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Earlier site-directed mutagenesis studies suggested that far-
nesylation is important for the targeting of both lamin B1 and
lamin B2 to the nuclear envelope (35, 36). Thus, before
embarking on the mouse studies, it would have been impossible
to predict that abolishing the farnesylation of lamin B1 and lamin
B2 would result in different phenotypes. Indeed, we believe that
a key lesson of the current studies is that genetically modified
mouse models are important for understanding the posttransla-
tional modifications of nuclear lamins. This lesson has been un-
derscored by studies on prelamin A processing. Earlier in vitro
studies had suggested that prelamin A prenylation is important for
lamin A function and its delivery to the nuclear rim (27-29), but
recent studies with knock-in mouse models have suggested oth-
erwise. Coffinier et al. (30) created knock-in mice that produce
mature lamin A directly, bypassing prelamin A synthesis and far-
nesylation. The “mature lamin A” mice were healthy and fertile,
and the lamin A in their tissues was positioned normally along
the rim of the cell nucleus, indistinguishable from lamin A in the
tissues of wild-type mice. Davies et al. (37) found that mice
expressing nonfarnesylated prelamin A developed cardiomyopa-
thy late in life, but the nonfarnesylated prelamin A was positioned
normally at the nuclear rim. Neither the distinctive phenotypes of
mature lamin A and nonfarnesylated prelamin A mice nor the
nuclear rim localization of the lamin A proteins in these mice
could have been predicted from cell culture studies alone.

Another intriguing finding of the current studies is that lamin
B1’s farnesyl lipid anchor is important for the retention of nu-
clear chromatin within the confines of the nuclear lamina during
neuronal migration. The neurons that migrated away from cul-
tured Lmnb 55 neurosgheres as well as neurons in the cortex
and midbrain of LmnbI“>'“> embryos exhibited a distinctive nu-
clear abnormality: dumbbell-shaped nuclei in which the nuclear
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Fig. 7. Immunofluorescence microscopy of the midbrain (superior colli-
culus) from E19-P1 Lmnb1** and Lmnb1°¥“> embryos. (A) Low-magnifi-
cation image of the Lmnb1°“® midbrain showing that nuclei with naked
chromatin are widespread. The region outlined in yellow is shown in B.
(Scale bars, 20 pm.) (B and C) Higher-magnification images of Lmnb1<>/<
and Lmnb1** midbrains. Sections were stained with antibodies against
LAP2p (green) and lamin B1 (red); DNA was visualized with DAPI (white).
Many neurons in Lmnb1“> mice were elongated with an asymmetric dis-
tribution of lamin B1 (arrows) and chromatin lacking a coat of lamin B1
(arrowheads). The LAP2B surrounding the naked chromatin was often dis-
tributed irregularly and sometimes had a honeycomb distribution. (Scale bars,
10 pm.) (D) Sections of the midbrain stained for lamin B2 (magenta). Lamin B2
was also distributed asymmetrically at one end of the nucleus (arrows).
Arrowheads indicate naked chromatin. (Scale bars, 10 um.)

Jung et al.


www.pnas.org/cgi/doi/10.1073/pnas.1303916110

L T

z

1\

BN AS - PNAS D)

Lmnb2CSICS

A Lmnb1

+[+

Lmnbi1CSICS B Lmnp2CSi+

e

»zﬁ\;‘w‘%ﬁr.
C Lmnb 1CS_ICS

P )

o YR

Fig. 8. Electron micrographs of cell nuclei in the cerebral cortex of E17.5
Lmnb1**, Lmnb1<%S, Lmnb2°*, and Lmnb2°“> embryos. (A and B) Low-
magnification electron micrographs. Many cortical cells in Lmnb1</“> em-
bryos, but not wild-type or Lmnb2“/“> embryos, exhibited nuclear blebs
(arrowheads). (Scale bars: 4 pm in A; 3 pm in B.) (C) A higher-magnification
image of a nuclear bleb in the cortex of an Lmnb1</“> embryo. Only a small
amount of chromatin was present in the bleb (arrow). (Scale bar, 1 um.) (D)
EM tomography of the cerebral cortex of an Lmnb1“/“> embryo. (Left and
Center) Two sections from a total of 135 sections spanning 200 nm of the cell
nucleus. (Right) 3D modeling of the inner (red) and outer (green) nuclear
membranes, generated by tracing the membranes in every fifth section
(14 total sections) of the tomogram. In many sections, the outer and inner
nuclear membranes overlapped because of the plane of sectioning. The in-
ner and outer nuclear membranes were generally closely associated in nu-
clear blebs but were occasionally separated. (Scale bar, 1 pm.)

lamina was separated from the bulk of the chromatin within the
cell. The nuclear lamina was located in one end of the dumbbell
closest to the leading edge of the cell, but most of the chromatin
in the cell nucleus was naked, separated from the nuclear lamina
and located at the opposite end of the nucleus. An inner nuclear
membrane protein, LAP2f, was found around both ends of the
dumbbell-shaped nuclei. The same naked chromatin abnormality
was also identified in Lmnbl ™~ neurons.

The nuclear shape abnormalities in the neurons of Lmnbl™'~
and LmnbI“¥“S mice are likely caused by deformational stresses
that accompany neuronal migration. During neuronal migration,
the nucleus is repeatedly pulled by microtubule-associated cyto-
plasmic motors toward the centrosome near the leading edge of
the cell (nucleokinesis) (38, 39). The microtubule network almost
certainly binds to the cell nucleus through interactions with LINC
complex (involving SUN1/2 and Nesprin-1/2) (40, 41), and this
same complex likely binds to the nuclear lamina (40, 42). We
suspect that the dumbbell-shaped nuclei and naked chromatin in
migrating Lmnb1““S neurons are a consequence of weakened
interactions between the nuclear lamina and the inner nuclear
membrane (Fig. 9). Lamin B1’s hydrophobic farnesyl lipid anchor
is almost certainly embedded in the inner nuclear membrane (43)
and functions to affix the nuclear lamina to the nuclear mem-
branes (35, 36). In Lmnb 1S mice, the cytoplasmic motors likely
remain quite effective in pulling the LINC complex/nuclear lamina
toward the centrosome in the leading edge of the cell. However,
the elimination of lamin B1’s farnesyl lipid anchors would reduce
hydrophobic interactions that normally affix the lamina to the
inner nuclear membrane. Thus, as the nuclear lamina is pulled
forward, we suspect that much of the chromatin lags behind at the
opposite end of the nucleus and escapes into the potential space
between the nuclear lamina and the inner nuclear membrane
(through honeycomb-like pores) (Fig. 9). This model would ex-
plain why the bulk of the nuclear chromatin near the trailing edge
of the cell remains covered by nuclear membranes (as judged by
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LAP2p staining). Wild-type neurons would be protected from
a similar pathologic event because lamin B1’s farnesyl lipid
anchors firmly affix the lamina to the inner nuclear membrane,
eliminating the potential space between the nuclear lamina and
the inner nuclear membrane. In addition, wild-type cells have
a more even distribution of the nuclear lamina (a tighter “weave”
of the meshwork with little honeycombing), perhaps limiting any
tendency for the chromatin to escape from the nuclear lamina
(Fig. 9).

Our findings indicate that the farnesyl lipid anchor on lamin
B1 is functionally more important than that on lamin B2. Neither
naked chromatin nor dumbbell—shaged nuclei were present in
Lmnb2°%S neurons, and Lmnb2*%“S mice had no neuro-
developmental defects. Thus, the ability of Lmnb2“5“S neurons
to make farnesyl-lamin B1 appeared to be sufficient to prevent
neuronal migration defects. The reverse was not the case; the
production of farnesyl-lamin B2 in Lmnb1S mice was in-
adequate to prevent neurodevelopmental abnormalities.

Another e)g)lanation for the different phenotypes of Lmnb
and Lmnb2“>“® mice would be distinct interactions of lamin B1
and lamin B2 with binding partners in the nuclear envelope (1).
Lamin B1 and lamin B2 proteins are ~60% identical at the amino
acid level, but the sequences are more divergent at the carboxyl
terminus (including the sequence of the CaaX motif) (Fig. S7).
These differences could lead to functional differences and dif-
ferent affinities for potential binding partners. Also, the extent to
which the Cys-to-Ser substitution affects binding interactions
could be significantly different for lamin B1 and lamin B2.

Finally, our studies showed that the absence of the farnesyl lipid
anchor influences steady-state levels of the B-type lamins in cells
and tissues. In Lmnb 15> MEFs, lamin B1 levels were reduced to
the levels observed in Lmnb1*/~ cells. Low levels of lamin B1 were
also observed in brain extracts of Lmnb1<>S mice, and low levels
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Fig. 9. A model to explain dumbbell-shaped nuclei and naked chromatin in
migrating neurons of Lmnb1<*/“> mice. (Left) The nuclear lamina (green) in
neurons of wild-type mice (Lmnb1**) is tightly woven and is affixed to the
inner nuclear membrane by the farnesyl lipid anchors on B-type lamins (red).
During neuronal migration, the nucleus is pulled by microtubule-associated
dynein motors (yellow) toward the centrosome (orange) in the leading edge
of the cell. Pulling the nucleus forward depends on connections between the
microtubule network (gray strands) and the LINC complex of the nuclear
envelope (SUN1/2, purple; Nesprin-1/2 pink) as well as connections between
the LINC complex and the nuclear lamina. (Right) In Lmnb1“/“> neurons, the
nuclear lamina is no longer tightly affixed to the inner nuclear membrane
because of the absence of the farnesyl lipid anchor on lamin B1 (creating
a potential space between the nuclear lamina and the inner nuclear mem-
brane). In addition, the B-type lamins exhibit a honeycomb distribution (i.e.,
the “nuclear lamina meshwork” is not tightly woven). During neuronal mi-
gration, the nuclear lamina is pulled forward, exactly as in wild-type mice,
but the chromatin (blue) escapes from the confines of the nuclear lamina
(through honeycomb-like pores) into the space between the nuclear lamina
and inner nuclear membrane. This process creates dumbbell-shaped nuclei in
which the nuclear lamina is in one end of the dumbbell (closest to the
leading edge of the cell); the bulk of the chromatin is located in the other
end of the dumbbell (surrounded by nuclear membranes).
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of lamin B2 were observed in brain extracts from Lmnb25/S

mice. The targeted mutations had no effect on Lmnbl or Lmnb2
transcript levels, so the low levels of lamin B1 in Lmnbl®5"S
brains and lamin B2 in Lmnb2°5 brains were likely because of
increased turnover of the nonfarnesylated lamins. In support of
this idea, Yang et al. (32) showed that a Cys-to-Ser mutation in
progerin accelerates the turnover of progerin and leads to lower
progerin levels in cells and tissues. The effect of the Lmnb1S and
Lmnb2®S mutations on the levels of B-type lamins was more
pronounced in the developing brain (where the expression of
A-type lamins is negligible) than in MEFs (where the A-type lamin
expression is high). It seems possible, therefore, that the expres-
sion of A-type lamins in MEFs limits the accelerated turnover of
nonfarnesylated lamin B proteins. Finally, it is noteworthy that the
levels of lamin B2 were significantly reduced in brain extracts from
LmnbI°S mice. One possibility is that some of the lamin B2
in Lmnb1°%'“S neurons cells exists as heterodimers with non-
farnesylated lamin B1 and that the increased turnover of non-
farnesylated lamin B1 causes a secondary increase in the turnover
of lamin B2.

In summary, the present studies illuminate the in vivo functional
relevance of protein farnesylation for lamin B1 and lamin B2. In
the case of lamin B2, farnesylation appeared to be of minimal
importance, given that Lmnb2“¥“> mice had no detectable pa-
thology in the brain (or in any other tissues) and had a normal
lifespan. In contrast, the farnesylation of lamin Bl is clearly im-
portant, given that Lmnb1““> mice displayed defective neuronal
migration in the developing brain. We also observed distinctive
dumbbell-shaped nuclei in LmnbI1“S neurons, with the nuclear
lamina being separated from the majority of the chromatin within
cells. These abnormalities likely result from defective interactions
between the nuclear lamina and the inner nuclear membrane (Fig.
9). Finally, our studies demonstrate that the farnesylation of the B-
type lamins is important for maintaining normal levels of those
proteins in cells, particularly in the brain.

Materials and Methods

Generation of Knock-In Mice Expressing Nonfarnesylated Versions of Lamin B1
and Lamin B2. The targeting vectors for the Lmnb1®® and Lmnb2® alleles
were generated by site-directed mutagenesis of the BAC clones CH38-24P17
and CH38-14G10 (containing wild-type Lmnb1 and Lmnb2, respectively). In
both alleles, the codon encoding the cysteine in the CaaX motif was replaced
with a codon encoding a serine: TGT > TCT in the Lmnb1 allele and TGC >
AGT in the Lmnb2® allele. A new Sacl site was introduced into the Lmnb1<®
allele adjacent to the Cys > Ser mutation (AAGCTG > GAGCTC), and a new
Sall site was introduced into the Lmnb2® allele (GCCGAC > GTCGAC); these
changes did not alter the amino acid sequence of the proteins.

The gene-targeting vectors were generated by BAC recombineering in
DY380 cells (44). The point mutations were introduced using primers 5-TGA-
CTTTCCTTCTGTTTC CCCTCTCAGGGAGCCCCAAGAGCATCCAATAAGAGCTCTG-
CCATTATGTGAA-3’ (the mutated nucleotides are underlined) and 5-TTCTAGC-
TTGAGGAAGATCGAC CATGTCTTGACAAGTTCACATAATGGCAGAGCTCTTATT-
GGATGCTCT-3' for the Lmnb1 allele; and 5-TGCATCCTCCCTCATTCCTTG-
CAGGGGGACCCAAGG ACTACCTCAAGGGGCAGTCGACTGATGTGAAACC-3' and
5-TTTAGGGGCTCT GGGGACCATGGTGACCGTGGGGCAGGTTTCACATCAGTC-
GACTGCCCCTTGAGGTAGT-3' for the Lmnb2® allele. A loxP-Neo®-loxP selection
cassette was introduced 1.5-kb downstream of the point mutations using
primers with 50-bp homology sequences at both ends. Gaps were repaired
with primers 5-CAGGTTCGATGCTCAGAACCTCT ATCAGGTTGCTTCCTGACCA-
CACCTGATCCTGTGTGAAATTGTTATCCGC-3' and 5-CGCCAAAGTTGCCCTGT-
GACCTGTATATACTTGTCCTGGTGTGTGAGG CCCCACTGGCCGTCGTTTTACA-3'
for the Lmnb1< allele; and 5-AGGCTCCGTC AAATGCATGGGCCTATCCTGAG-
AAGGGCAAGGTGTTAGGA-3" and 5'-AGTCC AGTGTGTAGATGTTGTAGAACG-
GGTGGCGATAGATGCGTGCCACG-3 for the Lmnb2® allele. The sequences of
the targeting vectors were confirmed by DNA sequencing.

The vectors were linearized with AsiSl and electroporated into E14Tg2A ES
cells. After selection with G418 (125 mg/mL; Gibco, Invitrogen), ES cell col-
onies were screened for recombination on the 5’-end by long-range PCR (2x
Extensor Long Range PCR Master Mix; Thermo Scientific) with primers 5'—
GATCTGGCCTTCCTGTCC AGAACTA-3' and 5-AATATCACGGGTAGCCAACG-
CTATG-3' for the Lmnb1® allele and 5-AGGATGGCCTTGACGAGTAAGACTG-3
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and 5-AATATCACGGGT AGCCAACGCTATG-3' for the Lmnb2“® allele. Re-
combination on the 3’-end was detected with primers 5-GTGGAGAGGCT-
ATTCGGCTATGACT-3' and 5-GAGGCA GGAAATAAATTCCCAGAGG-3’ for the
Lmnb1< allele, and 5-GTGGAGAGGCTATTCGGCTATGACT-3' and 5-AAGA-
GGCACCAGTTGGGTGTTACAT-3’ for the Lmnb2= allele. The products of the 5’
long-range PCR were confirmed by restriction endonuclease digestion, taking
advantage of the new restriction endonuclease sites in the targeted alleles.
The fidelity of the mutant alleles was also confirmed by sequencing cDNA
from the targeted ES cell clones.

After verifying that the targeted clones were euploid, two independently
targeted ES cell lines were injected into C57BL/6 blastocysts. Male chimeras
from both clones were mated with C57BL/6 females to create heterozygous
mice (Lmnb1* and Lmnb2“"*). Mice heterozygous for each targeted allele
were intercrossed to generate homozygous mice (Lmnb 1> and Lmnb2<').
Genotyping was performed by PCR with primers 5-CCATGTACGCACTCTG-
GATG-3’ (B1CSgF), 5-ACTGTCATGAGTCATACTGCAAA-3’ (B1CSgR) and 5'-
CGAAGTTATCATTAATTGCGTTG-3' (B1CSgRMut) for the Lmnb 1 allele; and
5-AGGTCCTCAGGGGTCTGTTT-3’ (B2CSgF), 5-CACCATGTGGTTGCTGGTAT-3’
(B2CSgR) and 5-TAATTGCGTTGCGCCATCT-3' (B2CSgR Mut) for the Lmnb2S
allele. B1CSgF and B1CSgR primers yield a 350-bp PCR product from the wild-
type allele; B1CSgF and B1CSgRMut primers yield a 250-bp PCR product from
the Lmnb 1 allele; B2CSgF and B2CSgR primers yield a 352-bp PCR product
from the wild-type allele; B1CSgF and B1CSgRMut primers yield a 272-bp PCR
product from the Lmnb2°* allele.

All mice were fed a chow diet and housed in a virus-free barrier facility
with a 12-h light/dark cycle. All animal protocols were approved by the
University of California at Los Angeles’s Animal Research Committee.

Knockout Mice. Lmnb2~'~ mice have been described previously (23). Lmnb1
knockout mice (Lmnb1~"") were generated by breeding mice homozygous
for a Lmnb1 conditional knockout allele (Lmnb 1) (45) with mice harboring
an Ella-Cre transgene (11).

Western Blots. Protein extracts from MEFs and mouse tissues were prepared as
described previously (46-48). MEFs were resuspended in urea buffer (9 M
urea, 10 mM Tris:HCI pH 8.0, 1 mM NaF, 1 mM PMSF, 10 uM EDTA, 0.2%
B-mercaptoethanol, and a Roche Protease Inhibitors Mixture Tablet), soni-
cated, and centrifuged to isolate the urea-soluble protein fraction. Snap-
frozen mouse tissues were pulverized using a chilled metal mortar and pestle,
resuspended in ice-cold PBS with 1 mM NaF, 1 mM PMSF, and a Roche Pro-
tease Inhibitors Mixture Tablet, and then homogenized with a glass tissue
grinder (Kontes). The cell pellets were resuspended in urea buffer, sonicated,
and centrifuged to remove insoluble cell debris. Protein extracts were size-
fractionated on 4-12% (wt/vol) gradient polyacrylamide Bis-Tris gels or 7%
(wt/vol) Tris-Acetate gels (Invitrogen) and then transferred to nitrocellulose
membranes. The membranes were incubated with the following 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); and a goat
polyclonal antibody against actin (1:1,000) (sc-1616; Santa Cruz). Antibody
binding was assessed with infrared dye-conjugated secondary antibodies
(Rockland) and quantified with an Odyssey infrared scanner (LI-COR).

Metabolic Labeling Studies to Detect Protein Farnesylation. Primary MEF cells
were plated in six-well plates at ~70% confluency. After 3 h, the cells were
treated with AG at 25 uM (31, 49) and incubated for another 48 h. Protein
extracts were prepared in urea buffer, size-fractionated on 7% (wt/vol) Tris-
Acetate gels (Invitrogen), and transferred to nitrocellulose membranes. A
mouse monoclonal antibody against AG (1:4,000) (31) was used to detect the
incorporation of AG into proteins (including lamin B1 and lamin B2). Anti-
body binding was detected with HRP-conjugated anti-mouse 1gG (1:4,000)
(GE Healthcare), ECL Plus Western Blotting Detection Reagents (GE Health-
care), and Hyperfilm ECL (GE Healthcare).

Histology and Immunofluorescence Microscopy. Mouse tissues were fixed in
10% (vol/vol) formalin (Evergreen) overnight at 4 °C, embedded in paraffin,
sectioned (5-pm-thick), and stained with H&E. For immunohistochemical
staining, mouse tissues were embedded in Optimum Cutting Temperature
compound (Sakura Finetek) and tissue sections (10-um-thick) were prepared
with a cryostat. The sections were fixed in ice-cold methanol, rinsed with ac-
etone, washed with 0.1% Tween-20 in TBS, and incubated with MOM Mouse
Ig Blocking Reagent (Vector Laboratories). For cultured cells (MEFs and NPCs),
the cells were grown on coverslips, washed with PBS containing 1 mM CaCl,
and 1 mM MgCl,, fixed in ice-cold methanol, rinsed with acetone, per-
meabilized with 0.1% Triton X-100 in PBS containing 1 mM CaCl, and 1 mM

Jung et al.


www.pnas.org/cgi/doi/10.1073/pnas.1303916110

Mgdl,, and then incubated with PBS containing 1 mM CaCl,, 1 mM MgCl,, 10%
(vol/vol) FBS, and 0.2% BSA. The following primary antibodies were used:
a goat polyclonal antibody against lamin B1 (1:400) (sc-6217; Santa Cruz);
a mouse monoclonal antibody against lamin B2 (1:100) (33-2100; Invi-
trogen); a mouse monoclonal antibody against LAP2p (1:400) (611000; BD
Biosciences); a rabbit polyclonal antibody against Cux1 (1:100) (sc-13024; Santa
Cruz); a rat monoclonal antibody against Ctip2 (1:500) (ab18465; Abcam);
a rabbit polyclonal antibody against pericentrin (1:1,000) (ab4448; Abcam); a
mouse polyclonal antibody against SUN1 (1:400) (H00023353-B01P, Abnova);
arat monoclonal antibody against Nup98 (1:250) (ab50610; Abcam); and a mouse
monoclonal antibody against Nup153 (1:250) (ab24700; Abcam). Antibody
binding was detected with a variety of Alexa Fluor-labeled donkey antibodies
against goat, rabbit, rat, or mouse IgG (Invitrogen). DNA was stained with DAPI.

Light microscopy images were captured with a Leica MZ6 dissecting mi-
croscope (Plan 0.5x or 1.0x objectives, air) with a DFC290 digital camera
(Leica) and a Nikon Eclipse E600 microscope (Plan Fluor 20x/0.50 NA or 40x/
0.75 NA objectives, air) with a SPOT RT slider camera (Diagnostic Instru-
ments). The images were recorded with Leica Application Suite imaging
software and SPOT 4.7 software (Diagnostic Instruments), respectively.
Confocal fluorescence microscopy was performed with a Zeiss LSM700 laser-
scanning microscope with a Plan Apochromat 20x/0.80 NA objective (air) or
a Plan Apochromat 63x/1.4 NA oil-immersion objective. Images along the
z axis were captured and merged with Zen 2010 software (Zeiss).

To analyze the frequency of nuclear abnormalities in MEFs and NPCs,
z-stack images were obtained with a Plan Apochromat 63x/1.4 NA oil-
immersion objective, and all of the images were scored by two independent
observers in a blinded fashion.

Quantitative RT-PCR. Snap-frozen mouse tissues were homogenized in TRI
reagent (Molecular Research Center). Total RNA was extracted according to
the manufacturer’s protocol and treated with DNase | (Ambion). RNA was
then reverse-transcribed with random primers, oligo(dT), and SuperScript Ill
(Invitrogen). Quantitative RT-PCR (qPCR) reactions were performed on
a 7900 Fast Real-Time PCR system (Applied Biosystems) with SYBR Green PCR
Master Mix (Bioline). Transcript levels were determined by the comparative
cycle threshold method and normalized to levels of cyclophilin A.

Neuronal Migration Studies. Cortical neuronal progenitors were isolated as
previously described (24). Briefly, the telencephalon of E13.5 mouse embryos
was dissected and digested with 0.25% trypsin-EDTA (Gibco) at room tem-
perature for 20 min. To generate neurospheres, dissociated cells were cul-
tured in conical bottom microplates with DMEM containing 10% (vol/vol) FBS
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for 5 d. Neurospheres were suspended by gentle pipetting, plated on poly-L-
lysine—coated coverslips, and then cultured for an additional 4 d in neuronal
differentiation medium (1:1 mixture of DMEM/F12 and Neurobasal medium,
supplemented with B-27 and N2 supplements; all from Gibco) before analysis.

Electron Microscopy. Fresh mouse tissues were fixed in a 100 mM sodium
cacodylate solution containing 2.5% (vol/vol) glutaraldehyde and 2% (wt/vol)
paraformaldehyde overnight at 4 °C. The fixed tissues were incubated with 1%
(wt/vol) osmium tetroxide for 1 h at room temperature, washed with distilled
water, and then incubated with 2% (wt/vol) uranyl acetate overnight at 4 °Cin
the dark. The next day, the tissues were rinsed with distilled water, dehydrated
by serial incubations with 20%, 30%, 50%, 70%, and 100% (vol/vol) acetone
for 30 min each, and infiltrated with Spurr’s resin. To polymerize the resin, the
tissues were incubated in fresh Spurr’s resin overnight at 70 °C. Tissue sections
(50-nm-thick) were prepared with a Diatome diamond knife and a Leica UCT
Ultramicrotome, placed on 200 mesh copper grids, and stained with Reynolds
lead citrate for 5 min. Images were captured using a 100CX JEOL electron
microscope at 80 kV.

For EM tomography, 200-nm-thick sections were collected on formvar-
coated copper slot grids. Following staining, 10-nm colloidal gold particles
were applied to both surfaces of the grid to serve as fiducial markers for
subsequent image analysis. Dual-axis tilt series (-65° to +65° at 1° intervals)
were obtained with a computerized tilt stage in a FEI Tecnai TF20 electron
microscope operating at 200 kV. Tomographic reconstruction and modeling
was performed with the IMOD software package (50).

Statistical Analysis. Statistical analyses were performed with Prism software
version 4.0 (GraphPad) and GraphPad QuickCalcs (www.graphpad.com).
Differences in nuclear abnormalities were analyzed with a Fisher’s exact test.
Interdependence between expression levels of lamin B1 and the frequency
of nuclear abnormalities was assessed by a test of Pearson’s correlation.
Differences in brain size and in expression levels of lamin B1 in MEFs were
analyzed by a two-tailed Student t test.
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