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The Ogt gene encodes a glycosyltransferase that links N-acetylglucosamine to serine and threonine residues
(0O-GIlcNAc) on nuclear and cytosolic proteins. Efforts to study a mammalian model of Ogf deficiency have been
hindered by the requirement for this X-linked gene in embryonic stem cell viability, necessitating the use of
conditional mutagenesis in vivo. We have extended these observations by segregating Og¢ mutation to distinct
somatic cell types, including neurons, thymocytes, and fibroblasts, the latter by an approach developed for
inducible Ogt mutagenesis. We show that Ogt mutation results in the loss of O-GlcNAc and causes T-cell
apoptosis, neuronal tau hyperphosphorylation, and fibroblast growth arrest with altered expression of c-Fos,
c-Jun, c-Myc, Spl, and p27. We further segregated the mutant Ogr allele to parental gametes by oocyte- and
spermatid-specific Cre-loxP mutagenesis. By this we established an in vivo genetic approach that supports the
ontogeny of female heterozygotes bearing mutant X-linked genes required during embryogenesis. Successful
production and characterization of such female heterozygotes further indicates that mammalian cells com-
monly require a functional Ogt allele. We find that O-GlcNAc modulates protein phosphorylation and expres-
sion among essential and conserved cell signaling pathways.

Intracellular protein glycosylation is a ubiquitous and highly
regulated form of posttranslational modification. Many cyto-
solic and nuclear proteins are modified by the addition of a
single monosaccharide, B-N-acetylglucosamine (GlcNAc), in
O linkage to serine and threonine residues (reviewed in refer-
ence 51). These include c-Myc, c-Fos, c-Jun, p53, Spl, RNA
polymerase II, tubulin, vinculin, tau, and the heat shock pro-
teins. The sites of O-GlcNAc linkage are sometimes otherwise
modified by protein kinases in a reciprocal relationship, sug-
gesting a role for O-GIcNAc in blocking cellular protein phos-
phorylation events during signal transduction, transcriptional
regulation, nuclear import, and protein turnover (4, 8, 19, 25,
27, 40). O-GlcNAc levels on cell proteins are regulated during
cell differentiation, growth, and activation and are aberrant in
some disease states. This regulation can include the reversible
nature of the O-GIcNAc linkage due to the presence of an
intracellular B-N-acetylglucosaminidase (16).

The enzyme UDP-GIcNAc: polypeptide O-B-N-acetylglu-
cosaminyltransferase (Ogt) produces the O-GIcNAc linkage
and has been genetically isolated and characterized initially
from vertebrate sources. Mammalian Ogt structure includes a
tetratricopeptide repeat domain and is itself glycosylated with
O-GIcNAc, as well as tyrosine phosphorylated in some con-
texts (29, 35). The Ogt gene resides on the mammalian X
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chromosome and is required for the viability of a male embry-
onic stem (ES) cell line normally bearing the XY sex chromo-
some karyotype. Conditional mutagenesis, previously applied
by Cre-loxP recombination, was necessary to obtain viable ES
cells and mice bearing the loxP-flanked (F) Ogt allele (46). In
breeding schemes that engaged maternal Zp3-Cre transgenic
mice, no surviving offspring were obtained that had inherited
the recombined and partially deleted Ogr (A) allele. These
findings indicated that the Ogt gene mutation produced is
lethal in ES cell culture and mouse embryogenesis. However, it
was not possible to determine whether the Ogt gene is respon-
sible for O-GlcNAc formation in vivo and whether the muta-
tion generated results in a null allele with a deficiency of
cellular O-GIcNAc.

No mammalian cells with a deficiency of O-GlcNAc have
been described, and our previous findings suggested that cell-
type-specific and inducible Ogt mutagenesis may provide the
approaches needed to further characterize Ogt function and
investigate the effects of O-GlcNAc deficiency on mammalian
cells. We have now characterized intact mice and differentiated
cells in which the Ogt mutation was segregated to distinct
lineages, including fibroblasts, neurons, oocytes, spermatids,
and thymocytes. We further compared the embryologic conse-
quences of Ogt disruption engineered specifically in either pa-
ternal or maternal germ cells, and in this way succeeded in
establishing a method for obtaining viable female heterozy-
gotes bearing a null allele of an X-linked gene that is essential
in embryogenesis. These studies show that the Ogt gene is
responsible for the O-GIcNAc formation and that the O-Glc-
NAc modification is an essential component in the function of
various cell types.
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MATERIALS AND METHODS

Animals. Mice bearing the Ogt mutation and the Zp3-Cre transgene were
previously described (46). Other strains used included those bearing the Ick-Cre
(24), Syn1-Cre (11, 55), or prm-Cre (42) transgenes.

Lymphoid cellularity, cytometry, and apoptosis. Cells from the lymphoid tis-
sues indicated were isolated and analyzed with a FACSCalibur flow cytometer
and CELLQUEST software (Becton Dickinson) with antibodies to various cell
surface markers as previously described (44).

Brain and spinal cord analyses. Tissue and cell fractionation was modified
slightly from that previously described (2). Brain and spinal cord were isolated
from 8- to 9-day-old mice and homogenized in 5 mM Tris-HCI (pH 7.4) con-
taining 0.32 M sucrose, various protease inhibitors (Complete; Boehringer
Mannheim), and phosphatase inhibitors (1 mM EDTA, 20 mM sodium fluoride,
5 mM sodium vanadate, and 5 mM sodium molybdate). The homogenate was
centrifuged at 800 X g for 10 min to remove nuclei. The supernatant was
centrifuged at 10,200 X g for 30 min to generate a synaptosomal fraction (P2)
containing synapsin-1 and a supernatant (S2) fraction containing tau and micro-
tubule-associated protein 2 (MAP2). Extracts were then subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellu-
lose for immune blotting using antibodies specific for tau, MAP2 (Sternberger
Monoclonal Antibodies Inc., Lutherville, Md.), and synapsin-1 (Cell Signaling
Technologies, Beverly, Mass.). Antibodies were used at suggested dilutions of
1/1,000 to 1/5,000. The blots were scanned and protein levels were determined
using NIH Image 1.6 software.

Cre retrovirus production. The Cre recombinase gene was cloned into the
EcoRI site of the pLXSN Moloney murine leukemia virus retroviral vector.
Vesicular stomatitis virus G (VSV-G)-pseudotyped retrovirus was generated by
transient transfection of 293GP cells that stably express VSV-G envelope protein
with pLXSN derivatives as described previously (54). The concentrated
pseudotyped virus stocks generated (VSV and VSV +Cre) were used to infect
NIH 3T3 fibroblast targets, and titers were determined to be between 1 X 10°
and 3 X 108 retroviral CFU/ml (data not shown).

Fibroblast derivation, mutagenesis, and characterization. Embryos were har-
vested at postfertilization embryonic day 11.5 following matings of female mice
homozygous for the Ogt” allele and male mice hemizygous for the Ogr™ allele.
Primary embryonic fibroblasts (PEFs) were derived and cultured in Dulbecco’s
modified Eagle medium (DMEM; low glucose) containing 10% fetal calf serum
(FCS). Immortalized PEFs were obtained by transfection with the simian virus 40
(SV40) large-T-antigen expression plasmid, pOT (20). Fibroblasts were geno-
typed for Ogt allele structure (46), SV40 large-T-antigen sequence (15), and
markers of X- and Y-chromosome sequence (references 32 and 31, respectively).

Fibroblasts were maintained at subconfluent densities and at 75% confluence
were replated at a 1:5 dilution 6 h prior to addition of retrovirus stocks at a 10:1
multiplicity of infection. During retroviral infection, the medium was supple-
mented with 8 pg of polyvinylpyrrolidone/ml (Sigma). Cells were replated 24 h
later, and G418 (1 mg/ml) was added 36 h postinfection. Noninfected cells died
from G418 toxicity within 3 days of G418 treatment. Serum withdrawal in cell
culture was accomplished using DMEM with 0.1% FCS for 16 h, prior to
stimulation with the addition of DMEM containing 10% FCS. Cells were ana-
lyzed at the time points indicated following lysis and protein extract preparation
in 1% NP-40, 50 mM Tris (pH 6.8), 150 mM NaCl, 1 mM EDTA, 20 mM sodium
fluoride, 5 mM sodium vanadate, and 5 mM sodium molybdate or with the
abovementioned buffer conditions except that 0.5% Triton X-100 was used
instead of NP-40. Both conditions included protease inhibitors as indicated
above (Boehringer-Mannheim).

Metabolic labeling of cells with inorganic 3?P- or [**S]methionine and deter-
mination of label incorporation into protein were done as previously described
(18). Succinylated wheat germ agglutinin (Vector, Burlingame, Calif.) lectin
precipitations were performed as described previously (7). The antibodies used
were specific for c-Myc and phospho-Myc (c-MycP; Cell Signaling Technologies),
Sp1 (Sigma, St. Louis, Mo.), c-Jun and c-Fos (Santa Cruz Biotechnology, Santa
Cruz, Calif.), Ogt (29), and O-GIcNAc (CTD110.6) (7). Protein blots were
scanned and protein levels were determined as indicated above.

Embryo isolation and histology. Timed mating of mice bearing the indicated
Ogt genotypes and Cre transgenes was used to derive embryos for isolation and
further histochemical analysis as previously described (37).

Ogt activity assay. The 30% ammonium sulfate pellet of organs was analyzed
for Ogt activity as previously reported (17). Assays contained 0.5 mM casein
kinase IT peptide (PGGSTPVSSANMM) (30).
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RESULTS

T-cell-specific mutation of the Ogr gene. T cells express and
regulate O-GlcNAc levels upon immune activation, suggesting
functional roles in this mature lymphoid lineage (26). To pro-
mote normal embryogenesis and attempt to derive a nones-
sential cell lineage lacking the Ogt glycosyltransferase for fur-
ther characterization, in vivo mutagenesis of the Ogt allele was
specifically restricted to T lymphocytes in vivo by using the
Ick-Cre transgene (24, 38). Cre recombination controlled by
the Ick promoter in these transgenic mice occurs at highest
frequencies as T-cell development proceeds from cortical
CD4" CD8" thymocytes into mature thymic T cells.

Female mice bearing the Ogt F allele were bred with males
transgenic for Ick-Cre, and male offspring with or without the
Ick-Cre transgene were analyzed further. Genotyping of iso-
lated thymocytes, splenocytes, or lymph node cells revealed the
presence of the Ogr A allele in thymocyte samples (Fig. 1A).
The Ogt A allele was not detected, however, in the peripheral
splenic and lymph node tissues, indicating that thymocytes
lacking a wild-type (WT) or F Ogt allele failed to contribute to
the peripheral T-cell repertoire.

Production of the Ogt A allele in thymocytes correlated with
a 50% reduction in cell number and a reduction of up to 75%
in T cells in the lymph nodes and spleen among Ogt”/Y Ick-Cre
mice compared with littermates lacking the Ick-Cre transgene
(Fig. 1B and C). The most immature CD4~ CD8~ thymocyte
subpopulation was unaffected, while the cortical CD4" CD8™
thymocytes were reduced by 50% and the mature CD8" or
CD4" thymic T cells were reduced by 50 and 75%, respec-
tively. The overall thymic developmental profile obtained by
plotting CD4 and CDS expression indicated a significant de-
crease in the frequency of CD4" thymocytes (Fig. 1D). These
findings are consistent with the death of cells that have under-
gone Cre recombination and have lost Ogt function. The pres-
ence of a reduced peripheral T-lymphoid population reflected
a subset of T cells that failed to undergo Cre-mediated recom-
bination during development in the thymus and contained the
Ogt™ allele (Fig. 1A).

To further examine the timing and mechanism of this cell
deficit, flow cytometry was performed of thymocyte subpopu-
lations with the apoptotic indicator antibody to annexin-V
(Fig. 1D to H). The cortical CD4" CD8" thymocyte popula-
tion in Ogt"/Y lck-Cre mice contained a slight but significant
increase in annexin-V binding compared to what was seen with
littermate controls. However, a two- to threefold increase in
annexin V was observed in the more mature CD4" and CD8™
single-positive populations of thymic T cells. Acquisition of the
Ogt A allele results in thymocyte apoptosis prior to mutant-T-
cell emigration and appearance in the periphery. Additional
studies were hindered by an inability to support Ogt mutant cell
growth in vitro.

Neuron-specific Ogt mutagenesis. The O-GIcNAc modifica-
tion is found on neuronal proteins, including synapsin-1,
MAP?2, and tau (1, 6, 12). We next mutagenized Ogt specifically
in neuronal cells of intact mice by using the previously char-
acterized Synl-Cre transgene that restricts Cre recombinase
expression to neurons and during synaptogenesis (11, 55). Off-
spring bearing the Synl-Cre transgene and also possessing a
WT Ogt allele appeared normal and were produced as ex-
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FIG. 1. T-cell-specific Ogt mutagenesis. (A) PCR analysis of genomic DNA derived from thymocytes (T), splenocytes (Sp), and lymph node
cells (LN) of an Ogt*/Y mouse bearing the Ick-Cre transgene. (B and C) T-cell levels in the thymus (B) and spleen (C) of Ogr“/Y Ick-Cre transgenic
mice (n = 10), expressed as a percentage of cell number found among littermate controls (Ogt"/Y) lacking the Ick-Cre transgene. (D to H)
Cytometric analyses of thymocyte developmental subpopulations (D) and their level of annexin V antibody binding (E to H). Panels: E, CD4~

CD87; F, CD8" CD4™"; G, CD8"; H, CD4".

pected. However, Ogt?/Y Synl-Cre mice were present among
littermates at only 50% of the expected frequency. Newborn
mice bearing the Ogt"/Y or Ogt™* genotypes and the Syn1-Cre
transgene were considerably smaller than littermates lacking
the Syn1-Cre transgene and failed to develop normal locomo-
tor activity. They rarely nursed, and none survived for longer
than 10 days (Fig. 2A and B and data not shown). DNA was
extracted from the brain tissue, and genomic analysis con-
firmed the production of the mutant Ogt A allele in the pres-
ence of the Synl-Cre transgene (Fig. 2C). The frequency of

recombination, approximately 10 to 20%, is similar to the fre-
quency of neuronal cells present among other brain cell types.

Brain and spinal cord protein extracts were prepared from
littermates 9 to 10 days of age. Anti-tau antibodies that recog-
nized total tau protein, or hyperphosphorylated tau, were used
to analyze these extracts. An increase in tau expression ap-
peared in the brain and spinal cord of Ogt*/Y Syn1-Cre mice,
while levels of synapsin I and MAP2 were unaffected (Fig. 2D).
Moreover, levels of hyperphosphorylated tau were also in-
creased. When normalized to the increase in tau protein levels,
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FIG. 2. Neuron-specific Ogt mutagenesis. (A) Photograph of 9-day-old Ogt’/Y (upper) and Ogt"/Y Synl1-Cre (lower) littermates. (B and C)
Growth rates (B) and PCR and Southern blot analyses (C) (upper and lower panels, respectively) of brain DNA among offspring derived from an
Ogt"/Y parent bred with an Ogt/"” Syn1-Cre mate. Open symbols represent individual Ogt’/Y Syn1-Cre mice, and black squares represent
littermates bearing at least one WT Ogt allele and the Syn1-Cre transgene. (D) Representative immunoblot analyses of brain and spinal cord
protein using anti-tau antibodies AT8 (hyperphosphorylated tau) and TauS5 (total tau). (E) Ratios of phosphorylated tau to total tau (upper panel)
and of the low-molecular-weight form of phosphorylated tau to the high-molecular-weight form (marked with asterisks in panel D) (lower panel).
Immunoblotting with antibodies to synapsin I (Synl) and MAP2 are also shown.

the phosphorylation state of tau remained significantly en-
hanced (Fig. 2E, upper panel). The major change in tau oc-
curred on the predominant lower-molecular-weight form, with
ratios in the brain of 1:0.7 and 1:2.6 in Ogt"/Y and Ogt"/Y
Synl-Cre animals, respectively. Spinal cord ratios were 1:3.1
and 1:5.2 in Ogt™Y and Ogt™> Syn1-Cre animals, respectively
(Fig. 2E, lower panel).

These findings indicate that neuronal Ogt function is essen-
tial for mouse survival and that neurons lacking an intact Ogt
allele accumulate hyperphosphorylated tau. Interestingly, early
mouse death and neuronal apoptosis have been previously
associated with tau hyperphosphorylation (3, 28). The early
timing of postnatal death among mice bearing a neuronal Ogt
A allele also reduced possibilities for additional studies of
O-GIcNACc expression and function by this approach.

Inducible Ogf gene inactivation in fibroblasts. An inducible
and in vitro approach for Ogt mutagenesis seemed necessary to
produce a system more amenable to the study of cellular Ogt
function and the biochemical events occurring upon O-
GlcNAc deficiency. High-titer pseudotyped recombinant ret-
roviruses were therefore developed using VSV-G envelope
protein in the context of a recombinant murine retroviral ex-
pression vector containing the neomycin phosphotransferase
selectable marker (54). Virus stocks with titers between 1 X
10® to 3 X 10® CFU/ml were obtained for the parental vector
(VSV) and the derivative expressing the Cre recombinase
(VSV+Cre). These VSV-pseudotyped retroviral particles
were added to cultures of PEFs derived from Ogt"/Y embryos
or a polyclonal derivative of these PEFs transformed by the
SV40 large T antigen. The significant viral titer and multiplicity
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FIG. 3. Retrovirally induced Ogt mutagenesis in vitro and effect on fibroblasts bearing the Ogt"/Y or Ogt"?/Y genotype. (A) Viable cell numbers
in culture at the times indicated following retroviral infections of Ogt*/Y fibroblasts with indicated recombinant virus stocks. (B) PCR analysis of
Ogt allele structure in genomic DNA 4 days after either mock infection (-vector), infection with VSV parental retrovirus, or infection with
recombinant VSV+Cre retrovirus. The PCR primer combination used in the upper panel amplifies Ogt", Ogt A, and Ogt"” alleles; the PCR
primers used in the middle panel specifically amplify the Ogt A allele; and the primers used in the lower panel detect the presence of Cre DNA
sequences. (C) Reverse transcription-PCR detection of Ogt expression (upper panel) and B-actin (lower panel) using Ogt’/Y fibroblast mRNA at
postinfection day 4. (D) Ogt protein levels detected by anti-Ogt antibody blot of total protein extracts at various times postinfection with either
VSV or VSV+Cre retrovirus. (E) O-GlcNAc levels detected using anti-O-GIcNAc antibody and total cell protein extracts prepared 4 days

postinfection with either VSV or VSV +Cre.

of infection ratio promoted high integration and expression

frequencies of more than 85% of cells treated, as indicated by

results with subsequent G418 selection (data not shown).
Subsequent to retroviral infection, fibroblasts were replated

24 h later and their proliferation rate was monitored (Fig. 3A).
Comparison of growth kinetics indicated a slight antiprolifera-
tive effect of Cre expression itself, as has been reported previ-
ously (10). More significantly, only Ogr“/Y fibroblasts receiving
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the VSV+Cre retrovirus appeared to senesce and die by day
12 as judged by cell number and vital dye staining. When
plated as single cells at day 1 postinfection, these fibroblasts
did not form colonies of more than 10 cells, indicating a failure
to undergo four or more further cell divisions (data not
shown). Prolonged culture of large polyclonal populations did
not lead to surviving clones and the rare post-day 12 viable
clones obtained all contained the Ogt"/Y genotype. Measure-
ments of total protein synthesis and turnover at postinfection
days 3 to 6 indicated that fibroblasts bearing the Ogt A allele
continue to synthesize protein, and rates of total protein deg-
radation were not substantially altered (data not shown). Fi-
broblasts bearing the Ogt'/Y genotype and transformed by
SV40 large T antigen were studied further within this brief
viable time period post-Ogt mutation.

Genomic DNA obtained from viable fibroblasts revealed an
almost complete loss of the Ogt™ allele with the appearance of
the Ogt A allele by 4 days postinfection with VSV+Cre (Fig.
3B). Ogt RNA expression was also deficient at this time point
(Fig. 3C). Analyses of cellular proteins showed a reduction in
Ogt protein level as early as day 1 postinfection and a total
absence by day 4 (Fig. 3D). The presence of the O-GlcNAc
modification was monitored similarly among total cell protein
extracts, and by day 4 postinfection, the levels of O-GIcNAc
were reduced to background (Fig. 3E), indicating that the Ogt
gene appears to be solely responsible for O-GlcNAc formation
in fibroblasts.

Defective serum response in fibroblasts lacking O-GlcNAc.
The expression patterns of Ogt substrates c-Myc, c-Fos, and
c-Jun characteristically change upon induction by exogenous
factors such as serum. Deprivation of serum followed by serum
stimulation was applied to fibroblasts bearing the Ogt™ allele to
monitor the early serum response that typically involves up-
regulation of c-Fos, c-Jun, and c-Myc. Fibroblasts deficient in
Ogt and O-GIcNAc survived the serum deprivation period but
failed to normally induce expression of these nuclear proteins,
and this included a reduction in the phosphorylated form of
c-Myc (Fig. 4A and B). This defect was not due to reduced
levels of RNA encoding these proteins; in contrast, steady-
state mRNA levels of c-Fos, c-Jun, and c-Myc were increased
(Fig. 4C).

Even without serum deprivation in normal cell culture con-
ditions, some Ogt substrates, including the transcription factor
Spl, were significantly affected. A fourfold decrease in Spl
protein levels was observed and an absence of O-GIcNAc was
noted on remaining Sp1 (Fig. 4D). This remaining Sp1 repre-
sented a twofold increase in the higher-molecular-weight spe-
cies that appears to be the nonglycosylated form in these fi-
broblasts.

Not all proteins modified by Ogt are altered in expression in
the absence of O-GIcNAc. The glycogen synthase kinase 3
(GSK-3) is a reported substrate of Ogt (33, 36). In Ogt-defi-
cient fibroblasts, GSK-3 lacked O-GIcNAc and its expression
level was unchanged (Fig. 4E). However, levels of the cyclin
kinase inhibitor p27 were increased by fourfold in the absence
of O-GlcNAc (Fig. 4F). Although p27 has not been reported to
be a substrate of Ogt, p27 expression correlates with cyclin-
based mechanisms that control cell proliferation (5, 49).

While inducible Ogt mutagenesis provided a temporally re-
stricted opportunity to study the function(s) of O-GIcNAc in
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vitro, the multiplicity of abnormalities observed in fibroblast
culture requires considerable further study in order to refine
the etiology of the abnormal phenotype. We reasoned that
other opportunities to investigate O-GIcNAc function may ex-
ist if one or more mammalian cell types were identified as
being less reliant upon Ogt and O-GlcNAc.

Characterization of female heterozygote offspring produced
by male gamete-specific Ogt mutagenesis. Mice inheriting the
mutant Ogt A allele through maternal oocyte-specific Zp3-Cre
recombination failed to survive due to a defect in oocytes or
perhaps from abnormal embryogenesis (46). We have more
recently found that Zp3-Cre transgenic females bearing the
Ogt™"" germ line genotype are infertile, even when mated with
WT males (data not shown). Plausible hypotheses for the ab-
sence of female heterozygous Ogt””"* offspring would take
into account the pattern of X-chromosome inactivation during
mammalian embryonic development. Although cells compris-
ing the embryo itself undergo random X inactivation, extraem-
bryonic cells develop soon after fertilization, in which the pa-
ternal X chromosome is preferentially inactivated (21). This
extraembryonic compartment expresses the maternal X chro-
mosome almost exclusively and represents a cell lineage
needed for development of the early placenta. This interface
between embryo and mother is essential to supply nutrients
shortly after embryo implantation on the uterine epithelium.
Indeed, a rapid failure in early postimplantation embryogene-
sis resulting in death by embryonic day 5 was observed upon
inheritance of the maternal Ogr A allele (Fig. SA, panels 1 and
2).

By segregating Ogt mutagenesis to male and not female
gametes, it was theoretically possible to generate viable female
heterozygotes. Such heterozygotes would be valuable for de-
tecting cell types that may not require Ogt and O-GlcNAc.
Embryonic cells should undergo random X inactivation,
thereby reducing specific activity levels of cellular Ogt when
compared with WT and control mice. However, a cellular
requirement for Ogt would result in the developmental loss of
cells in which the maternal X chromosome is inactivated, lead-
ing to normal Ogt levels in such tissues. We therefore bred WT
females with Ogr"/Y males bearing a Cre recombinase trans-
gene in which Cre expression is controlled by the mouse pro-
tamine-1 promoter and is male gamete specific (42).

Female heterozygotes bearing the Ogt A allele were success-
fully produced by breeding WT females to males in which the
paternal genome contained the prm-Cre transgene and the
Ogt" allele (Fig. 5A, panel 3). These female Ogt*™” mice
could not be distinguished from control littermates and were
found to be fertile. As expected, however, offspring produced
by these females did not contain the Ogr A allele. Ogt enzyme
activity was assessed among multiple organs and tissue types of
female Ogt*™” mice, including the brain, liver, heart, thymus,
spleen, kidney, and skeletal muscle. Normal levels of Ogt-
specific activity were obtained in all samples analyzed (Table
1). These findings suggest that the tissue and cell types sur-
veyed had undergone inactivation of the mutant paternal Ogt
allele due to a requirement for a functional Ogt gene (Fig. 5C).
The presence of specific cell populations comprising a low
percentage of these tissues and which do not require Ogt
function may nevertheless exist beyond the sensitivity of the
assay used here. These findings also provide a general method
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levels plotted from a representative experiment shown in panel A. Open squares indicate prior VSV infection, and black diamonds denote prior
VSV+Cre infection. (C) Semiquantitative reverse transcription-PCR on mRNA prepared from fibroblasts 4 days postinfection with VSV or
VSV+Cre. The number of PCR cycles is indicated above the sample lanes in bold, and arbitrary intensity unit values are denoted below the sample
lanes. (D) Sp1 levels and O-GlcNAc modification are reduced by fourfold upon Ogt deficiency at day 4 post-VSV+Cre infection. A twofold
increase in the presumptive phosphorylated form of Sp1 also occurs. (E) GSK-3 levels remain normal in the absence of the O-GlcNAc linkage.
(F) p27 protein levels are increased fourfold in Ogt-deficient fibroblasts by day 4 post-VSV+Cre infection.

of creating viable female heterozygotes bearing a mutant allele
of an essential X-linked gene.

DISCUSSION

The O-GIcNAc modification is a form of intracellular pro-
tein glycosylation that we find to be essential for mammalian
embryogenesis by promoting the function and viability of var-

ious cell types, including thymocytes, neurons, oocytes, fibro-
blasts, and ES cells. By applying conditional mutagenesis in-
volving Cre-loxP recombination of the Ogt allele, we were able
to segregate Ogt deficiency to these and other cell lineages and
demonstrated the requirement for the Ogr gene in O-GIcNAc
formation among fibroblasts. The position of the Ogt locus on
the mammalian X chromosome, and the apparent reliance
upon Ogt function for cell and organism viability, indicates that
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FIG. 5. Parental origin of the mutant Ogt allele determines female viability among Ogt*™7 heterozygotes. (A) Postimplantation stage
(embryonic day 5.0) embryo development from parental genotypes is indicated above each panel (panels 1 and 2). Early postimplantation death
at day 4 or 5 occurs when the mutant Ogt allele is derived as a result of Cre recombination in maternal oocytes bearing the F allele in the presence
of the Zp3-Cre transgene. In comparison, a paternal source of the mutant Ogt allele, engineered by the presence of the protamine (prm)-Cre
transgene in males bearing the F allele, allows for normal development and viability of female heterozygotes (panel 3). (B) PCR analysis of Ogt
genotypes present among viable offspring produced by maternal Ogt”?’"" and paternal Ogt’/Y genotypes, the latter in the presence of prm-Cre
transgene. (C) Model of paternal mutant Ogr allele origin and effect among embryonic and extraembryonic cell lineages. Random inactivation of
the X chromosome in embryonic cell types in the presence of nonrandom and maternal X inactivation among extraembryonic lineages permits
heterozygous Ogt-null females to develop normally with paternal gamete-specific Ogt mutagenesis.

the previous inability to produce female heterozygotes was
likely due to the essential role of Ogt among extraembryonic
cells comprising trophoblasts and early endoderm (46). For
example, mutation of the X-linked glucose-6-phosphate dehy-

TABLE 1. Ogt activity in tissues of female mice bearing F/WT or
A/WT Ogt genotype

Ogt activity”
Tissue
F/WT A/WT
Brain 187.6 = 8.7 176.9 = 11.0
Liver 219 £ 4.1 26.1 £3.8
Heart 464 =53 49.8 + 4.1
Thymus 13.0 =24 11.9 = 3.0
Spleen 63.5*+5.5 573 +£69
Kidney 181.1 = 10.5 1779 = 5.2
Skeletal muscle 382+24 333+44

“ Ogt activity (counts per minute per microgram of extract) was measured
from four mice of each genotype. Averages were calculated and are provided
with standard deviations.

drogenase (G6PD) gene, although not lethal to ES cells, re-
sults in placental failure and embryo death (34). Only mice
chimeric for the G6PD mutation are able to generate viable
female heterozygotes, and as expected their viable offspring
did not carry the mutant allele. This appears to reflect the
preferential inactivation of the paternal X chromosome in ex-
traembryonic trophoblast and primitive endoderm lineages
(14, 21).

A reproducible and genetic approach to acquiring viable
female heterozygotes bearing a null allele of an essential X-
linked gene required a novel strategy and was theoretically
possible by employing male gamete-specific mutagenesis. This
approach does not require random chimerism and is not du-
plicated by the use of tetraploid embryo aggregation tech-
niques involving ES cells. Viable female heterozygotes bearing
the paternally derived Ogt A allele and the maternally derived
Ogt™7 allele were successfully produced and were phenotypi-
cally normal, providing a source of tissues in which random
X-chromosome inactivation would be expected to reduce the
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specific activity levels of Ogt by approximately 50% among cell
types not requiring O-GlcNAc. As no such finding was ob-
tained, we infer that a strong selection exists in early develop-
ment against embryonic cells that have inactivated the mater-
nal allele, have lost Ogt function, and are deficient in
O-GIcNAc. We cannot, however, rule out the possibility of a
low level of mosaicism that is not detected in our enzymatic
analyses, which would indicate the survival of some cells, as
well as the presence of Ogz-null cell types that were not isolated
or analyzed.

Directing somatic cell mosaicism for the mutant Ogr allele in
vivo was promoted by Cre recombination specifically among
thymocytes and neurons. In thymocytes the result was cell
death by apoptosis upon acquisition of the Ogt A allele and in
the absence of either the WT or F Ogt allele. Apoptosis in-
creased in frequency during maturation and in dependence
upon thymic Cre expression, resulting in a failure to contribute
to the peripheral T-lymphocyte repertoire. Only T cells not
having undergone thymic Cre recombination were observed in
the periphery. The high efficiency of Cre recombination and
the rapidity of the apoptotic process resulted in a significant
decrease in thymocytes and peripheral T-cell numbers.

Neuron-specific Ogt mutation resulted in neuronal dysfunc-
tion, and although animals were born, they were severely af-
fected with deficient locomotor activity, failed to nurse, and
died within 10 days after birth. The tau protein was increased
in total amount and found to be hyperphosphorylated. Previ-
ous studies have found a close association of hyperphosphory-
lated tau with neuronal apoptosis and early lethality in the
mouse (3, 28). Although no genetic linkage specifically to the
Ogt allele has been made as yet in X-linked disease states
among humans and mice, a rare neuralgic disorder classified as
a form of Parkinson-dystonia has been mapped to the chro-
mosomal region that includes the Ogt locus (41).

Derivation of a viable cell lineage lacking an intact Ogt gene
and O-GIcNAc expression was not possible among the various
cell types analyzed in this study. However, an inducible method
of Ogt gene mutagenesis, using a VSV-pseudotyped recombi-
nant retrovirus that expressed the Cre gene, enabled a short
time span in which Ogt-null fibroblasts were viable and ame-
nable for further study in vitro. Reciprocity of O-GlcNAc link-
age with sites of protein phosphorylation has suggested a role
in transcription, protein synthesis, and protein phosphorylation
signaling cascades, including those involved in elongation fac-
tor phosphorylation (8, 25; reviewed in reference 51). Remark-
ably, we did not observe a significant change in total protein
phosphorylation level in metabolic labeling studies of fibro-
blasts deficient in O-GIcNAc and prior to cell death when
protein synthesis was still ongoing (data not shown). This is
consistent with several possibilities, including a more restricted
role for O-GlcNAc in the modulation of some signal transduc-
tion pathways in fibroblasts. It is also possible that the O-
GlcNAc-deficient state alters protein degradation rates among
some Ogt substrates or perhaps that O-GIcNAc deficiency
activates cellular protein phosphatase enzymes. Nevertheless,
we have found that Ogt-dependent O-GlcNAc formation does
alter protein phosphorylation as well as levels of protein ex-
pression involving key regulators of cell growth and survival.

The serum stimulation response failed to normally induce
Ogt substrates c-Fos, c-Jun, and c-Myc, and this occurred in

MoL. CELL. BIOL.

the presence of increased steady-state levels of c-Jun, c-Fos,
and c-Myc RNA. This is consistent with a role for O-GlcNAc
in transcriptional repression, modulation of protein degrada-
tion, and regulation of protein synthesis. There are reasons to
believe that O-GlcNAc is involved in all of these processes.
Phosphorylated forms of RNA polymerase II are associated
with active transcription and they specifically lack O-GIcNAc
while nonphosphorylated forms are not actively transcribing
(8, 22, 27). More recently, Ogt binding to the transcriptional
corepressor mSin3A has been reported as a mechanism by
which the O-GIcNAc linkage is targeted to a histone deacety-
lase complex involved in transcriptional silencing (53). Multi-
ple roles of O-GIcNAc in modulating transcription appear
evident, and we observed that the Sp1 transcription factor was
significantly reduced in protein level coincident with a loss of
O-GlcNAc. These findings are consistent with a proposed role
for O-GlcNAc in blocking some protein interactions and pro-
tecting Spl from degradation by the ubiquitin-proteosome
pathway (19, 45, 48, 52). The eukaryotic initiation factor 2
(eIF2)-associated protein p67 is also an Ogt substrate in which
the O-GlcNAc modified form has been proposed to reduce
elF-2 phosphorylation and promote protein synthesis (9). The
reduced level of phosphorylated c-Myc we observed may re-
flect a decrease in de novo synthesis of some cellular proteins
in the O-GlcNAc-deficient serum response.

Considering the relationship between glucose abundance,
UDP-GIcNAc levels, and protein O-GIcNAc formation, it has
been suggested that Ogt functions in hexose metabolism by
integrating nutritional status signals that control cell function
and proliferation. For example, chemical inhibition of intra-
cellular B-N-acetylglucosaminidase activity or transgenic over-
expression of the Ogt gene are associated with increased O-
GIcNAc levels, insulin resistance, and increased leptin
production (39, 50). These and other studies show that in-
creased O-GIcNAc levels may be pathological but can occur
without abolishing cell proliferation or viability (18). In con-
trast, our studies show that a deficiency of O-GIcNAc leads to
more severe consequences. Cell dysfunction and apoptosis are
observed, with fibroblasts failing to undergo four cell division
cycles and appearing to prematurely senesce, as occurs with
fibroblasts deficient in components of the AP1 transcriptional
complex, such as c-Fos, c-Jun, and c-Myc (reviewed in refer-
ences 13 and 47). The increased levels of p27 observed are also
consistent with reduced activity of the ubiquitin-proteosome
pathway and a failure to progress through the cell cycle (5, 23,
43). Preliminary data suggest that fibroblasts lacking O-
GlcNAc do not transit through cell cycle stages in parallel with
cells bearing the Ogt F allele (not shown).

Although we succeeded in generating in vivo cell-type-spe-
cific mutants of the mammalian Ogt gene and observed a de-
ficiency of the O-GlcNAc linkage, these were transient suc-
cesses as our characterization of these fleeting model systems
indicates an essential role for O-GIcNAc in the viability of
several and possibly all mammalian cell types. Our findings of
specific molecular defects in the absence of O-GlcNAc support
multiple but restricted roles of O-GIcNAc in essential and
conserved signaling pathways. Nevertheless, we more fully suc-
ceeded in developing genetic tools that can be used to further
investigate Ogt-dependent O-GlcNAc functions. The deriva-
tion of an in vitro cell system for the rapid and efficient abla-
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tion of O-GlcNAc formation provides opportunities to further
elaborate upon the cellular roles of this ubiquitous and essen-
tial form of intracellular protein glycosylation.
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