












expression determined by western blotting. A truncated
protein of approximately 65 kDa was detected with an anti-
GFP antibody in cells expressing the 400delC mutant (Figure
2A). Similarly, around 140 and 225 kDa truncated proteins
were revealed with an anti-FLAG tag antibody in cells
respectively expressing the C2701T and 4071del299bp
mutants (Figure 2B). These protein sizes are greater than those
expected for each of the mutant proteins (Table 3). The wild
type NHS-A has a predicted size of 181 kDa but migrates
slower than its expected size probably due to post-
translational modification (Figure 2B) [12]. The greater than
expected size of each mutant protein observed here is
therefore not unusual and is also likely to result from post-
translational modification.

To study the subcellular distribution of the mutant
proteins, GFP-NHS-A400delC was transiently expressed and
FLAG-tagged C2701T and 4071del299bp mutants stably
expressed in MDCK epithelial cells. Localization of the
mutant proteins was compared with that of the wild type NHS-
A protein. Unlike its localization to the peripheral cell
membrane in lens epithelium in vivo, the NHS-A protein does
not associate with the cell membrane in lens epithelial cells
ex vivo because the latter do not form a polarized epithelium
in culture [12]. Therefore, localization studies were performed
in MDCK cells. As previously reported, transiently expressed
wild type GFP-NHS-A primarily localized at the cellular
periphery in a punctate fashion in MDCK cells (Figure 3)
[12]. Cytoplasmic localization of the protein was seen in some
cells. GFP-NHS-A400delC mutant protein mainly distributed
in the cytoplasm and nucleus but was not found to associate

Figure 2. Expression of mutant NHS-A proteins in mammalian cells.
A: Lysates of HEK 293A cells transiently transfected with GFP-
NHS-A400delC and pEGFP-C1 constructs and untransfected cells
were analyzed by western blotting with anti-GFP antibody. B:
Lysates of HEK 293A cells transiently transfected with FLAG-NHS-
A, FLAG-NHS-AC2701T and FLAG-NHS-A4071del299bp in
pCMV-Tag 2A and untransfected cells were analyzed by western
blotting with anti-FLAG tag antibody. A protein band of greater than
150 kDa seen in all the lanes is due to non-specific binding of the
anti-FLAG tag antibody (indicated with an asterisk). A very faint
protein band of approximately 130 kDa in the NHS-A and
4071Δ299bp lanes is most likely due to protein degradation. The
molecular masses of proteins standards are indicated.
UT=untransfected cells.

with the peripheral cell membrane (Figure 3). GFP, expressed
as a control, distributed both in the cytoplasm and nucleus.
Upon immunolabeling the FLAG-NHS-A stable transfectants
with an anti-FLAG tag antibody, intense immunoreactivity
was observed at the cell boundary in the majority of cells
(Figure 4). In some cells, immunoreactivity was also observed
in the cytoplasm. In stable transfectants of FLAG-tagged
C2701T and 4071del299bp mutants, FLAG tag
immunolabeling was confined to the cytoplasm (Figure 4). No
immunoreactivity was observed at the cellular periphery in
cells expressing these mutants.

DISCUSSION
Here, we describe NHS mutations in six patients clinically
diagnosed with NHS. Four novel mutations (R248X, P264fs,
K1198fs, and I1302fs) were identified in four of these
patients. The other two (R373X and R879X) represent
recurrent mutations and have been previously reported by us
and others [3,10]. This is the third report of the truncating
R373X mutation, and as such, this region of NHS could be a
mutation hot spot.

This report brings the total number of known NHS
mutations to 18, all of which are truncating mutations. All
known mutations are located in exons 1, 3, 5, and 6 with no

Figure 3. Localization of GFP-NHS-A400delC mutant in MDCK
cells. Cells were transfected with GFP-NHS-A and GFP-NHS-
A400delC fusion constructs and pEGFP-C1 control. Transiently
expressed fusion proteins were visualized by confocal microscopy.
GFP-NHS-A wild type protein primarily localized to the cellular
periphery whereas GFP-NHS-A400delC mutant protein localized in
the cytoplasm and nucleus. Apparent peripheral distribution of GFP
is an experimental artifact seen only between some adjoining
transfected cells. Images were taken with a 60X objective.
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obvious phenotype/genotype correlation. The apparent
absence of missense mutations in NHS is intriguing. It is
possible that missense mutations give rise to a different
(perhaps milder) phenotype such as isolated X-linked cataract
or X-linked mental retardation, although no reports of this
have been presented to date. Ten patients with a clinical
diagnosis of NHS were screened for mutations in this study.
Mutations were identified in only 60% of patients. Patients
like 102 and 134 with only ophthalmic information available
and no identified mutation may not represent NHS cases. At
least one patient, 124, has all the features of the syndrome but
no identified mutation while other patients such as 127 and
135 with superficially similar phenotypic features have a
mutation in NHS. Thus, a clinical diagnosis is not always
significant in predicting a mutation in this gene. It is as yet
unknown if patients like 124 represent phenotypic overlap of
other syndromes with NHS or if mechanisms other than
protein truncating mutations in NHS can cause the phenotype.
Alternative mechanisms may include mutations in the introns
such as that present in the Xcat mouse or in the promoter or
5′ and 3′ untranslated regions of NHS, which have not been
investigated here due to the very large size of the gene and

Figure 4. Localization of FLAG-tagged wild type and mutant NHS-
A proteins in MDCK cells. MDCK cells stably expressing FLAG-
NHS-A, FLAG-NHS-AC2701T, and FLAG-NHS-A4071del299bp
proteins and untransfected cells were immunolabeled with an anti-
FLAG tag antibody, and labeling was detected by confocal
microscopy. Wild type FLAG-NHS-A protein mainly localized to
the cellular periphery whereas FLAG-NHS-AC2701T and FLAG-
NHS-A4071del299bp mutant proteins localized in the cytoplasm.
No non-specific immunoreactivity was observed in untransfected
cells. Representative images from four independent experiments are
shown. Images were taken with a 60X objective.

unidentified regulatory elements. Patients negative for
mutations in the NHS gene in this study were not screened for
mutations in other genes.

The two disease-causing mutations, 400delC and
C2701T, and the artificial mutation, 4071del299bp, analyzed
here, respectively, reside in the NH2-terminus, middle, and
COOH-terminus of the NHS-A protein. All mutant proteins
lost the ability to associate with the cell membrane at the cell
boundary, which is exhibited by the wild type NHS-A protein
in epithelial cells, and instead localized in the cytoplasm. This
aberrant distribution of the mutant proteins may affect the
integrity of intercellular junctions in those epithelial cells that
express NHS-A such as the anterior lens epithelium.
Interestingly, in an attempt to generate MDCK cells stably
expressing the FLAG-tagged 400delC mutant upon
immunolabeling with the anti-FLAG tag antibody, no positive
cells were detected after G418 selection (data not shown). We
speculate this may be due to the degradation of the mutant
protein. Hence, this protein was transiently expressed as a
GFP-fusion for localization studies. Nuclear localization of
GFP-NHS-A400delC noted here might be due to
overexpression of the fusion protein.

We previously reported the NH2-terminal 374 amino
acids of NHS-A to be responsible for its peripheral membrane-
associated localization in epithelial cells [12]. However, in
this study, the R134fs (400delC) mutant protein carrying the
first 134 residues localized in the cytoplasm (Figure 3). This
mislocalization of the mutant protein may be due to lack of
amino acids 135-374. However, the possibility of
mislocalization due to the incorporation of aberrant amino
acids after the frameshift cannot be excluded. Cytoplasmic
localization of the truncated proteins, R901X (C2701T) and
T1357fs (4071del299bp), despite the presence of the NH2-
terminal 374 residues may be due to protein misfolding
(Figure 4). Both these truncated proteins lack the COOH-
terminal 295 amino acids from position 1358 to position 1652,
which may lead to their misfolding and hence mislocalization.
Because a GFP-fusion of the NH2-terminal 374 residues of
NHS-A associates with the cell membrane [12] but the R901X
and T1357fs mutant proteins do not, the downstream residues
in these proteins may interfere with their folding in the
absence of the COOH-terminus. Taken together, these data
indicate the significance of three regions in the NHS-A protein
for its localization. The NH2-terminus is necessary for
peripheral membrane associated localization of the protein
[12], the middle region causes mis-localization of the protein
in the absence of the COOH-terminus perhaps by exerting an
inhibitory effect, and the COOH-terminus seems to be
important for proper localization of the protein probably by
facilitating its folding. Therefore, both the NH2- and COOH-
termini of the NHS-A protein are important for its peripheral
membrane-associated localization in epithelial cells and its
function at cell-cell junctions. In view of these findings, the
disease-causing mutations in NHS identified in NHS patients
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in the present and previous studies would cause
mislocalization of the mutant NHS-A protein in epithelial
cells that express this isoform such as the lens epithelium.
Mislocalization of the protein may in turn impact epithelial
cell junctions in the developing lens and other organs affected
in this genetic disorder.
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