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Abstract
Background & Aims—Elys is a conserved protein that directs nuclear pore complex (NPC)
assembly in mammalian cell lines and developing worms and zebrafish. Related studies in these
systems indicate a role for Elys in DNA replication and repair. Intestinal epithelial progenitors of
zebrafish elys mutants undergo apoptosis early in development. However, it is not known whether
loss of Elys has similar effect in the mammalian intestine or whether the NPC and DNA repair
defects each contribute to the overall phenotype.

Methods—We developed mice in which a conditional Elys allele was inactivated in the
developing intestinal epithelium and during pre-implantation development. Phenotypes of
conditional mutant mice were determined using immunohistochemical analysis for nuclear pore
proteins, electron microscopy, and immunoblot analysis of DNA replication and repair proteins.

Results—Conditional inactivation of the Elys locus in the developing mouse intestinal
epithelium led to a reversible delay in growth in juvenile mice that was associated with epithelial
architecture distortion and crypt cell apoptosis. The phenotype was reduced in adult mutant mice,
which were otherwise indistinguishable from wild-type mice. All mice had activated DNA
damage responses but no evidence of NPC assembly defects.

Conclusions—In mice, Elys maintains genome stability in intestinal epithelial progenitor cells,
independent of its role in NPC assembly in zebrafish.
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The principal role of the nuclear pore complex (NPC) is to regulate transport of
macromolecules between the nucleus and cytoplasm. During dissolution of the nuclear
envelope in mitosis, the approximately 30 proteins that make up the NPC disassemble into
membrane-bound oligomeric subunits. When the nuclear envelope reforms at the end of
mitosis, the NPC subcomplexes reassemble to form functional pores. In vitro studies
conducted using mammalian cells and Xenopus nuclear extracts have suggested that NPC
assembly is initiated by Elys, the vertebrate ortholog of mel-28, a gene that is required for
nuclear integrity in worms2–7. Recent work indicates that Elys initiates NPC assembly by
first binding AT-rich chromatin sites, then recruiting the Nup107–160 subcomplex, followed
by the pore integral membrane proteins POM121 and NDC18. In addition to interacting with
nucleoporins, Elys also has been shown to bind kinetochores and proteins of the Mcm2/7
complex, suggesting a role for Elys in cytokinesis and DNA replication6, 7.

Recently, we reported that Elys is required for NPC assembly in developing zebrafish
larvae2. Zebrafish elysflo-ti262 mutants, hereafter referred to as flo, survive to larval stages
most likely as a result of maternally derived Elys protein. In flo larvae, NPC assembly is
disrupted in retinal and intestinal epithelial progenitor cells. The NPC defect within these
cells causes development arrest and apoptotic cell death. A non-complementing zebrafish
elys allele was also reported to disrupt NPC assembly and was associated with epithelial cell
apoptosis in the developing intestine9. We have shown that apoptosis in flo intestinal
progenitors occurs independently of p53 and is potentiated by DNA replication inhibitors,
such as hydroxyurea and UV-irradiation2. This finding suggested a role for Elys in the repair
of endogenous replication errors, possibly through its previously reported interaction with
the Mcm2/7 complex6. Supporting this notion, levels of chromatin-bound Mcm2 were
reduced in Elys intestinal epithelial progenitors2. We speculated that this led to a reduction
in the number of dormant origins competent to rescue spontaneously stalled replication
forks, as occurs when worms and mammalian cells are partially depleted of Mcm
proteins10, 11. These findings also raised the possibility that Elys’s role in DNA repair is
independent of its role in NPC assembly.

Previous studies have shown that Elys is required for the survival of inner mass cells during
pre-implantation stages of mammalian development12. The precise cause of inner cell mass
death in these mutants was not determined, thus, whether Elys is required for NPC assembly
during mammalian development is not known. To examine the function of Elys in the
mammalian intestine, we engineered a conditional Elys loxP allele that facilitated the
derivation of intestine-specific Elys knockout mice. Strikingly, Elys disruption in the
developing intestinal epithelium caused widespread apoptosis of crypt progenitor cells that
led to growth delay of juvenile mice, but it had no effect on NPC assembly. Progenitor cell
apoptosis was partially compensated in adult conditional mutants and this was sufficient to
reverse the growth delay phenotype. Persistent apoptosis in adult Elys deficient crypts was
accompanied by activation of the DNA damage response pathway, thus indicating that Elys
is constitutively required for genome maintenance in intestinal progenitors.

All together, these findings indicate that in mammals Elys functions to maintain genome
stability in a stage- and tissue-specific manner independent of its previously described role
in NPC assembly. Our findings suggest a role for NPC proteins in DNA repair in
mammalian cells, as suggested by previous studies in yeast and other fungi13–16.
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Materials and Methods
Animals

All animals were handled in strict accordance with good animal practice as defined by the
relevant national and/or local animal welfare bodies, and all animal work was approved by
the appropriate animal welfare committee (IACUC).

Derivation of mouse Elys conditional allele and intestine-specific Elys knockouts
Details of these methods are presented as supplemental data. Briefly, a targeting vector
containing loxP sites flanking exon 3 of the Elys gene was derived through BAC
recombineering of a genomic DNA fragment spanning exons 2–6 of the Elys locus. A FRT-
flanked neomycin resistance gene was recombined into intron3. Targeted ES cell clones
were identified by Southern blot analysis. The FRT-flanked neomycin resistance gene was
removed by crossing ElysloxP/+mice to Flp1 mice from Jackson Laboratory17. The resulting
ElysloxP/+ mice were crossed with Villin-Cre mice18 to derive ElysloxP/loxP; Villin-Cre mice.

RNA isolation, RT-PCR and sequencing analysis
Total RNA was extracted from mouse tissues using DNeasy blood and tissue kit (Qiange).
For RT-PCR, 1 μg of total RNA was reverse-transcribed with SuperScript III reverse-
transcriptase (Invitrogen Life technologies) using random hexamer primers. 1 μl of first
strand cDNA was used in a 50- μl PCR reaction with pfuTurbo DNA polymerase
(Stratagene). RT-PCR products amplified by primer sets flanking two loxP sites were
purified for direct sequencing (QIAquick, Qiagen).

Chromatin Isolation and Western analyses
Nuclear extracts of intestine were obtained from wild type and Elys conditional mutants
using standard protocols that are presented as supplemental data. Chromatin
immunoprecipitation was performed using a rabbit anti-Histone H2 antibody (Upstate
Biotechnology or Sigma Aldrich). Half of the recovered samples were run on a 10% SDS-
PAGE gel for western analysis. One tenth of the sample volume was run as a control for
immunoprecipitation (input).

Immunohistochemical and transmission EM analysis
The immunohistochemical and EM procedures have been previously described19. Primary
antibodies used in this study include rabbit polyclonal anti-γH2AX (Cell Signaling, Boston,
MA), mouse anti-mAb414 (Covance, Berkeley, CA), and rabbit anti-Nup133 (Abcam,
Cambridge, MA). TUNEL staining was performed following the protocol accompanying the
Apoptosis Detection Kit (Millipore). For TUNEL quantification, crypts containing at least
one TUNEL-positive cell were counted for 5–8 independent intestinal stretches of each
animal. At least 2–4 animals of different stages for each genotype were analyzed.

Results
Derivation of the conditional Elys allele

The zebrafish elysflo-ti262c allele encodes a premature stop codon that is predicted to truncate
1209 of the 2519 amino acids in the Elys protein2. An independently derived non-
complementing elys allele encodes a nonsense codon at position 4619. To generate a
conditional Elys allele comparable to elysflo-ti262c, we introduced loxP sites into introns 2
and 3 of the mouse Elys locus20 using a targeting vector engineered through BAC
recombineering (Figure 1A, B). Accurate targeting of the Elys locus in mouse embryonic
stem cells was confirmed by Southern blot analysis and PCR of genomic DNA (Figure 1C,
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D). After germline transmission of the targeted allele, the FRT-flanked neomycin resistance
gene was removed by crossing ElysloxP/+mice to Flp1 deleter mice17. Viable and fertile
ElysloxP/loxP mice with no detectable phenotype were recovered at the expected Mendelian
frequency from intercrosses of the Elys2loxP/+ mice, confirming that the ElysloxP allele
encodes a functional protein before Cre-mediated deletion.

Mouse embryos homozygous for an Elys null allele die before implantation12. The
conditional Elys allele is predicted to generate a null allele following Cre-mediated
recombination because of a reading frame shift caused by deletion of exon 3 (Figure 1E, F
and Supplemental Figure 1). Consistent with this prediction, cDNA sequence analyses
revealed multiple in frame stop codons in mRNA derived from the recombined Elys allele
(Supplemental Figure 1, 2). To determine whether the frame shift indeed led to an Elys null
allele in vivo, we employed E2A-Cre mice to inactivate ElysloxP/loxP at the two-cell stage21.
Of over twenty genotyped offspring, no ElysloxP/loxP; E2A-Cre progeny were recovered
from the cross between ElysloxP/+ ; E2A-Cre and ElysloxP/loxP mice. This provided further
evidence that removal of exon 3 resulted in a complete loss-of-function Elys allele.

Inactivation of Elys in the developing intestinal epithelium causes a reversible growth
delay phenotype

To examine the role of Elys in the intestine, we derived ElysloxP/loxP ;Villin-Cre mice. The
Villin promoter used in this study drives Cre expression within crypt and villus epithelial
cells of the small intestine starting at around embryonic day 1418. Viable newborn
ElysloxP/loxP ;Villin-Cre mice were recovered at the expected Mendelian ratios. Although the
newborn mutants and P6 were indistinguishable from wild type littermates, P12–P28
mutants were considerably smaller than their siblings (Figure 2A and Supplemental Figure
3). Western blot analyses showed only a small amount of Elys protein remaining in
intestines of P7 and P12 mutants (Figure 2A and data not shown), presumably representing
Elys in proliferating smooth muscle and other non-epithelial cells. Remarkably, at P60 the
mutants were no longer distinguishable in size from wild type littermates (data not shown).
Western blot for Elys at this stage using an antibody directed against a carboxy-terminus
epitope showed no detectable Elys protein in the mutant intestine (Figure 2A), because of
Elys disruption in the epithelium and, presumably, very low levels of Elys in non-
proliferating smooth muscle and other stromal cells. Thus, conditional inactivation of Elys
within the intestinal epithelium causes a transient growth phenotype in juvenile mice.

Inactivation of Elys in the developing intestinal epithelium disrupts progenitor cell survival
To further characterize the Elys-deficient intestinal phenotype, we performed histological
analyses of juvenile and adult Elys mutants. Severe disruption of small intestinal epithelial
architecture with crypt distortion and crypt cell nuclear condensation typical of apoptosis
(confirmed by TUNEL assay and anti-Caspase-3 immunostains) were present in P7 and P15
mutant mice (Figure 2A, D; Supplemental Figure 4). The most severe histological changes
were detected in the jejunum but TUNEL positive cells were seen in crypts in all small
intestinal segments. Crypt architecture distortion was also seen in duodenal and ileal crypts
(Supplemental Figure 4). Interestingly, the mutant villi associated with apoptotic crypts were
often shorter than in wild type animals but the villus epithelium appeared normal. Many
mutant crypts were associated with normal length villi, thus indicating that a subset of
progenitor cells differentiated normally (data not shown).

To determine the identity of the apoptotic crypt cells we performed double immunostains for
the DNA damage marker γH2AX and the Paneth cell marker lysozyme and the
enteroendocrine cell marker Chromogranin-A. These stainings showed that the apoptotic
crypt cells were not Paneth cells or enteroendocrine cells (Supplemental Figure 5). This
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finding strongly suggests that the dying cells were transit amplifying progenitor cells,
although we cannot exclude the possibility that some crypt stem cells are also affected by
Elys deficiency. Altered crypt architecture in the juvenile mutants is also consistent with a
regenerative response to compensate for progenitor cell death. This regenerative response,
coupled with the relative sparing of the villus epithelium and the absence of overt symptoms
of malabsorption in the juvenile Elys mutants, suggests that their growth delay phenotype
arose in part from energy expenditure associated with progenitor cell injury.

In contrast to the histology at juvenile stages, at P60 mutant intestinal histology was
indistinguishable from wild type (Figure 2E). However, TUNEL staining at this stage
detected persistent crypt apoptosis (Figure 2A, C; two strongly affected mutant crypts are
shown), although the absolute number of apoptotic cells was reduced compared with P7
mutants (data not shown). Analysis of mutant intestines at early embryonic and perinatal
stages revealed significant apoptosis in cells located within the intervillus epithelial pockets
(Figure 2B, and Supplemental Figure 6). These data show that conditional inactivation of
Elys in developing intestinal epithelia generates a progenitor cell phenotype. In contrast to
the requirement of Elys in crypt progenitor cells, Elys is dispensable for the development
and survival of the post-mitotic villus epithelial cells.

NPC assembly occurs normally in Elys-deficient in crypt progenitor cells and villus
epithelial cells

To determine whether progenitor cell apoptosis in Elys mutants was associated with
defective NPC assembly, we performed immunostainings using an antibody directed against
the FG-Nup nucleoporins1. In wild type intestinal epithelia, FG-Nups were detected in a
perinuclear distribution in both villus and crypt cells (Figure 3A, B). The distribution of the
immunoreactive FG-Nups was less symmetrical than in a cultured Caco2 intestinal cell line
(Supplemental Figure 7). We speculate that this arose from tissue processing or sectioning.
The distribution of FG-Nups in Elys-deficient intestinal epithelial cells at all stages
examined was indistinguishable from control intestinal cells (Figure 3A, B). Cytoplasmic
membrane bound nucleoporins (annulate lamellae) indicative of defective NPC assembly
were not detected in the Elys-deficient intestines, whereas they are abundant in zebrafish flo
mutants and Elys-deficient mammalian cells2, 4, 7, 9. Western blot analyses of nuclear and
cytoplasmic fractions showed only minimal levels of cytoplasmic FG-nup nucleoporins in
mutant cells (Figure 3D). Transmission electron micrographs further revealed abundant and
morphologically identical NPCs in both crypt and villus epithelial cells of Elys-deficient
intestines (Figure 3C, Supplemental Figure 8). All together, these data demonstrate that NPC
assembly occurred normally in Elys-deficient intestinal epithelial cells.

Because zebrafish and C. elegans germline elys mutants have a pronounced NPC phenotype,
we considered the possibility that NPC assembly in the conditional Elys mutants could be
accounted for by a residually active truncated Elys protein that was not detected in Western
blots. As noted previously, mRNA derived from the recombined allele was shown to contain
multiple in frame nonsense codons (Supplemental Figure 1 and 2). These lie upstream of the
nuclear localization signals and the AT-hook domain that is required for Elys interaction
with chromatin6, 8. Thus, even if this truncated protein was stable following translation, it is
not likely that it would retain activity. In addition, expression in zebrafish larvae of a cDNA
corresponding to this truncated protein did not cause apoptosis in the intestinal epithelium
(Supplemental Figure 9). We also considered the possibility that residual Elys function in
the conditional mutants might arise from a truncated Elys protein whose translation was
initiated at an in-frame ATG codon immediately downstream of exon 2. This was deemed
unlikely however, because lower molecular weight Elys isoforms were not detected in
Western blots of whole intestinal extracts or in FG-Nup immunoprecipitation experiments
(Figure 3E).
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To examine whether Elys deficiency led to a qualitative NPC defect arising from altered
nucleoporin stoichiometry, we measured levels of FG-Nups and two other nucleoporins that
interact with Elys, Nup107 and Nup1334, 6. Elys mutants had normal levels of FG-Nups
detected by the Mab414 antibody, normal levels of Nup107, but reduced levels of Nup133
(Figure 3F). However, this reduction in Nup133 is unlikely to account for the Elys mutant
phenotype because a comparable reduction in Nup133 levels in ES cells has no obvious
effect on ES cell proliferation or the development of Nup133 heterozygous mice22.

Activation of the DNA damage response in Elys conditional mutants
Normal NPC assembly in conditional Elys mutants suggested that crypt cell apoptosis could
be caused by a primary defect in DNA repair. Intestinal progenitor cell apoptosis in
zebrafish flo mutant larvae is associated with G1 arrest, increased p53 expression, and
activation of the Chk2 checkpoint protein2. For this reason, we examined levels of these and
other cell cycle regulatory proteins in conditional Elys mutants. Western blot analyses of
intestinal extracts revealed increased levels of the DNA damage marker γH2AX in Elys
mutants compared with wild type mice at all stages examined (Figure 4A).
Immunohistochemistry showed that γH2AX was present in crypt progenitor cells but not in
the post-mitotic villus epithelium (Figure 4C), and γH2AX-positive cells colocalized with
TUNEL-positive crypt cells (Supplemental Figure 10; thus arguing against false positive
TUNEL staining). Together, this suggests that DNA damage associated with DNA
replication triggered the progenitor cell apoptotic response. Levels of p53 also were
uniformly elevated in Elys mutants, even at P60, when the only detectable intestinal
phenotype was crypt cell apoptosis (Figure 4B). Surprisingly, the levels of two checkpoint
proteins, phospho-Chk1 and phospho-Chk2, were comparable in Elys mutant and wild type
mice (Figure 4D). In contrast, the levels of phosphorylated cyclin dependent kinase, pCdc2
(Tyr15), a DNA damage responsive marker of both S-phase and G2/M phase arrest23–27,
were consistently elevated in the intestinal extracts from Elys mutants (Figure 4E).
Phosphorylation of Cdc2 Tyr15 has been shown to be a downstream event of activated ATM
and ATR checkpoint kinases in response to DNA damage25, 27. Consistent with this,
activated ATM was detected in intestinal extracts of E16.5 mutants, P7 mutants that have a
pronounced intestinal phenotype, and in P60 mutants whose only phenotype was crypt cell
apoptosis (Figure 4F).

Activation of ATM in Elys conditional mutants could arise from unresolved DNA
replication errors arising during S-phase, or possibly from spindle defects arising during M-
phase, as Elys binds kinetochore-associated proteins, and mitosis delay was detected
following Elys knockdown via RNAi, although not in zebrafish flo mutants2, 7. To
distinguish these possibilities, we compared levels of the M-phase marker phosphohistone 3
in wild type and Elys mutants using immunohistochemistry. These studies showed similar
numbers of phosphohistone 3 (pH3) crypt cells in P7 wild type mice and Elys mutants (327
pH3 positive cells in 127 wild type crypts vs. 342 pH3 positive cells in 119 mutant crypts;
n= 150 crypts counted for both wild type and mutant), thus arguing against mitotic spindle
defects as activators of ATM signaling.

Transient reduction in chromatin bound Mcm proteins in Elys conditional mutants
Previously, we proposed that apoptosis of intestinal epithelial cell in zebrafish flo mutants
was caused by DNA damage arising from unrepaired DNA replication errors2. We attributed
this phenotype to a reduction in the levels of chromatin bound Mcm2, a component of the
DNA replication helicase that was reported to bind Elys6. We speculated that this led to a
reduction in the number of dormant replication origins that become activated under
conditions of replication stress10, 11, 28–29. Previously, interaction of Elys with Mcm proteins
was only directly demonstrated in an in vitro system with an abbreviated cell cycle (Xenopus
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oocyte extracts). Here, using immunoprecipitation experiments we confirmed that Elys
interacts with chromatin bound Mcm2 and Mcm4 proteins in the adult mouse intestine
(Figure 5A, B). Chromatin precipitation by a Histone-2 antibody followed by Western blot
analyses of total intestinal extracts revealed normal chromatin loading of Mcm2 and Mcm4
proteins in P7 mutants (Figure 4C), with a 20% reduction of chromatin bound Mcm2 in P15
mutants, as revealed by quantification of Western blot band intensity (Figure 5C). Levels of
chromatin bound Mcm2 and Mcm4 were unchanged in P60 mutants (Figure 5D).

Discussion
In this study we confirm that the nuclear pore associated protein Elys is required for survival
of intestinal crypt progenitor cells but not NPC assembly in these cells. These findings were
unexpected given recent studies showing that NPC assembly is disrupted by either Elys
RNAi knockdown in in vitro systems4, 6, 7, or zygotic elys mutations in zebrafish and
worms2, 3, 5, 9. Non-concordance of the in vitro knockdown and mouse conditional Elys
mutant phenotypes we present here is not without precedent, however, as NPC assembly
occurs normally in mouse embryos carrying mutations of Nup133, a gene previously shown
to be required for normal NPC assembly in cultured cells22. The discordant zebrafish flo and
mouse conditional Elys mutant NPC phenotypes were unexpected but are perhaps best
explained by a stage-specific role for Elys during intestinal development that occurs before
the Villin-Cre transgene is first activated (embryonic day 14). Indeed, the idea that Elys and
other nuclear pore associated proteins might play a critical role at selected developmental
stages in specific tissues is supported by the embryonic expression pattern of genes such as
Nup133 and Nup5022, 30, and the varied phenotypes arising from inactivating mutations of
these and other nucleoporins22, 31–35.

A recent study reported that Elys is required for post-mitotic NPC assembly but is not
required for NPC growth that occurs during interphase in synchronized cultured mammalian
cells36. This finding raises the interesting possibility that NPCs present in conditional Elys
mutants could have formed during interphase rather than when the nuclear envelope reforms
at the end of mitosis. Arguing against this idea, however, we did not detect a reduction in the
number of NPC complexes present in Elys deficient cells predicted by this model (based on
nucleoporin levels, immunofluorescence and ultrastructural studies). Further studies will be
required to determine whether only post-mitotic NPC assembly is altered by in vivo Elys
deficiency.

In contrast to the stage-specific role of Elys in NPC assembly, our findings show that Elys is
constitutively required for survival of intestinal epithelial progenitor cells. Based on the
closely related phenotype of zebrafish elysflo mutants, the role of Elys in DNA replication in
Xenopus6, and conserved binding of Elys to the Mcm2/7 DNA replication helicase6 (Figure
5), we argue that Elys is required for either preventing or repairing DNA damage that
normally arises during DNA replication. The requirement for Elys is most pronounced
during later stages of embryonic development and in perinatal and juvenile stages. By
contrast, Elys deficiency is well tolerated in adults, although crypt apoptosis and
biochemical evidence of DNA repair pathway activation were both evident at this stage. The
less severe adult Elys conditional phenotype could arise from direct compensation of Elys,
or through improved efficiency of DNA replication or DNA repair pathways that do not
involve Elys. Alternatively, the types of DNA replication errors occurring in neo-natal and
juvenile crypt progenitor cells might differ from those that occur in adult progenitor cells,
and repair of these errors may not require Elys. Improved progenitor cell DNA repair
capability in adult Elys mutants, as evidenced by restoration of normal crypt architecture and
reduced crypt cell apoptosis is the most likely explanation for the recovery of growth delay
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manifest in juvenile mutants. We speculate that the adult mutants expend less energy
maintaining their intestinal epithelium than juvenile mutants.

How Elys functions in DNA repair remains an open question at this time. It is uncertain
whether the modest and transient reduction in Mcm levels in the juvenile conditional mouse
mutants supports a role for Elys in the maintenance of dormant replication origins, as
proposed for zebrafish flo mutants. It is conceivable, however, that the levels of these Mcm
proteins are more significantly reduced in a subpopulation of the progenitor pool, and that
this was not detected in the Western blot analysis of extracts derived from whole intestine.
Indeed, at a comparable phenotypic stage the flo intestine is comprised solely of progenitor
cells2, 37. Alternatively, the conditional Elys mutation could impart a qualitative defect on
Mcm2/7 function. Besides disrupting Mcm2/7 complex function at dormant replication
origins, Elys deficiency could interfere with DNA repair by altering the function of Nup107,
a nucleoporin that binds Elys and whose yeast ortholog, Nup84, functions in DNA repair at
the NPC13. As Nup107 levels were unchanged by conditional Elys mutation, this theoretical
defect must arise from a qualitative effect on Nup107 function. Finally, Elys deficiency
could have an indirect effect on DNA repair at the NPC. Involvement of the NPC in DNA
repair mechanisms appears to be a generalized phenomenon in yeast, as it plays a role in the
maintenance of eroded telomeres and the resolution of DNA double strand breaks occurring
in subtelomeric regions14, 15. Yeast lack a clear Elys ortholog8, however Elys has been
detected at the NPC of worms, zebrafish and mammals. The findings presented in this study
lead us to speculate that proteins associated with the NPC, such as Elys, play a role in DNA
repair in vertebrates.

Although epithelial homeostasis is restored in the intestine of adult Elys conditional mutants,
we still detected biochemical evidence of DNA damage in Elys deficient progenitor cells at
this stage. Because of this, we speculate that these cells are not fully competent to respond to
regenerative challenges or oncogenic stress. This aspect of the Elys conditional mutant
phenotype, which could be revealed through genetic interaction with tumor suppressor gene
mutations or mouse inflammatory disease models, may have direct clinical relevance.
Indeed, mutations in other NPC proteins have recently been causally linked to human
disease38.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Nup Nucleoporin
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Figure 1.
Derivation of the conditional Elys allele. (A) Schematic of the mouse Elys locus. The Elys
gene contains 36 exons. (B) Schematic diagram depicting the targeting strategy of deriving
ElysloxP allele. (C) Southern blot confirms correct targeting of Elys locus in 5 independent
ES cell clones; (targeted allele 9.6kb; wild type allele 7.6kb) (D) Genomic DNA PCR
confirms genotypes of ElysloxP/loxP, ElysloxP/+ and Elys+/+ mice. The larger molecular
weight band is amplified from the conditional allele. (E, F) Cre-mediated recombination at
the Elys locus in intestinal cells was confirmed by genomic PCR. The primers flanking the
two loxP sites allow amplification of a 400 bp fragment following Cre-mediated
recombination.
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Figure 2.
Intestinal progenitor cell defects in ElysloxP/loxP ;Villin-Cre mice. (A) P12 mutant mice
(mut) is smaller than its wild type littermate. Western blot analysis shows only a small
amount of Elys protein (red *) in intestinal extracts of P7 mutants compared with wild type
(wt) littermates, whereas none is detected in the intestine of the P60 mutant. The lower band
(^) is non-specific and not consistently present. Bar graph showing the percentage of mutant
and wild type intestinal crypts with 1 or more TUNEL positive cells; (# - p < 0.01) (B, C)
TUNEL staining shows apoptotic cells (red) in mutant and wild type intestines. White
arrows point to apoptotic crypt cells in mutants. Panel C shows a severely affected P60
crypt. TUNEL positive cells in P60 wild type intestine are located at the villus tip but not in
crypts. (D, E) Histological sections of P7 and P60 Elys-deficient and wild type intestines.
Arrows point to abnormal crypts in P7 mutant.
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Figure 3.
Normal NPC assembly in ElysloxP/loxP;Villin-Cre mice. (A, B) Normal perinuclear
distribution of FG-Nups (green) detected by the Mab414 antibody in wild type (wt) and
mutant (mut) villus epithelial cells (A) and crypt epithelial cells (B). Nuclei were labeled in
red by propidium iodide. (C) Morphologically identical nuclear pores (white arrows) are
detected in transmission electron micrographs of mutant and wild type crypt epithelial cells.
(D) Western blot shows only a very small amount of FG-Nup (95kDa) in the cytoplasmic
fraction of intestinal extracts from P12 mutants. (E) Elys is co-immunoprecipitated with FG-
Nups from the P12 wild type intestine by the Mab414 antibody. Minimal levels of Elys
bound to FG-Nups are detected in the mutant intestine. Levels of Nup107, an FG-Nup serve
as loading control. Input refers to intestinal extract prior to immunoprecipitation. (F)
Western blot detects comparable levels of three FG-Nups recognized by Mab414 in the wild
type and mutant intestine; comparable levels of Nup107 in nuclear extracts from the
intestine of P12 and P60 mutant; reduced levels of Nup133 in nuclear extracts from the
intestine of conditional of P7 and P12 Elys mutant vs. wild type littermates detected by
Western blot. Comparable levels or Nup133 are present in P60 wild type and mutants. H3 –
Histone 3 loading control.
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Figure 4.
The DNA damage response is activated in the intestine of ElysloxP/loxP;Villin-Cre mice. (A,
B) Western blot detect increased levels of γH2AX and p53 proteins in whole intestinal
extracts from E16.5, P7, and P60 Elys conditional mutants (mut). (C) Immunohistochemical
detection of γH2AX is restricted to intestinal crypts of the P7 conditional Elys mutant but is
not detected in the wild type intestine. (D) Western blot shows normal levels of phospho-
Chk1 (Ser317) and phospho-Chk2 (Ser33/35) in whole intestinal extracts of P7 and P12
conditional Elys mutants. (E, F) Western blot shows increased levels of phospho-Cdc2
(Tyr15) and phospho-ATM (Ser1981) in whole intestinal extracts of E16.5, P7, and P60
conditional Elys mutants.
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Figure 5.
Elys binds Mcm proteins in mouse intestine. (A, B) Reciprocal immunoprecipitation (IP)
experiments show interaction between Mcm2 and Mcm4 and Elys in the adult mouse
intestine. (A) Western blot detects Mcm2 and Mcm4 bound to Elys immunoprecipitated
from intestinal nuclear extract. Red asterisk indicates band corresponding to full-length
Mcm2 protein. Input refers to intestinal extract prior to immunoprecipitation. -Ab refers to
mock immunoprecipitation. (B) Western blot detects Elys bound to Mcm2 and Mcm4
immunoprecipitated from intestinal nuclear extract. (C, D) Levels of chromatin bound
Mcm2 and Mcm4 in P7, P15 and P60 intestinal extracts from wild type and Elys conditional
mutants. H3 – Histone 3 loading control.
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