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Abstract

Previous studies utilizing PUGNAc, the most widely used β-N-acetylglucosaminidase (OGA) inhibitor

to increase global O-N-acetylglucosamine (GlcNAc) levels, have reported a variety of effects includ-

ing insulin resistance as a direct result of elevated O-GlcNAc levels. The notion of OGA inhibition

causing insulin resistance was not replicated in studies in which elevated global O-GlcNAc levels

were achieved using two other OGA inhibitors. Related to insulin action, work by others has sug-

gested that O-GlcNAc elevation may inhibit the anti-apoptotic action of insulin. Thus, we examined

the pro-survival action of insulin upon serum deprivation in the presence of PUGNAc as well as two

selective OGA inhibitors (GlcNAcstatin-g and Thiamet-G), and a selective lysosomal hexosaminidase

inhibitor (INJ2). We established that PUGNAc inhibits the pro-survival action of insulin but this effect

is not recapitulated by the selective OGA inhibitors suggesting that elevation in O-GlcNAc levels

alone is not responsible for PUGNAc’s effect on the anti-apoptotic action of insulin. Further, we dem-

onstrate that a selective hexosaminidase A/B (HexA/B) inhibitor does not impact insulin action sug-

gesting that PUGNAc’s effect is not due to inhibition of lysosomal hexosaminidase. Finally, we tested

a combination of selective OGA and lysosomal hexosaminidase inhibitors but were not able to recap-

itulate the inhibition of insulin action generated by PUGNAc alone. These results strongly sug-

gest that the defect in insulin action upon PUGNAc treatment does not derive from its inhibition

of OGA or HexA/B, and that there is an unknown target of PUGNAc that is the likely culprit in inhibiting

the protective effect of insulin from apoptosis.
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Introduction

Dynamic O-linked β-N-acetylglucosamine (O-GlcNAc) modification is
a ubiquitous post-translational modification (PTM) found on the
hydroxyl group of serine and threonine residues on a large number of
intracellular proteins (Hart et al. 2007). The O-GlcNAc modification
has been reported in most eukaryotic model organisms, including api-
complexan protozoan parasites (Banerjee et al. 2009; Perez-Cervera

et al. 2011), nematodes (Hanover et al. 2005), fruit flies (Kelly and
Hart 1989), and mammals (Torres and Hart 1984; Holt and Hart
1986), with baker’s yeast being the notable exception. The spatio-
temporal aspects of the O-GlcNAc modification resemble that of phos-
phorylation, and cumulative reports indicate that both PTMs act as
regulatory switches to modulate the functionalities of proteins, which
in turn fine-tune many cellular processes (Hart et al. 2011). Unlike
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phosphorylation, in which large families of kinases and phosphatases
modify their targets in a consensus sequence-dependent manner, the
reversible nature of O-GlcNAc modification is orchestrated by a pair
of cycling enzymes, O-GlcNAc transferase (OGT; Haltiwanger et al.
1990, 1992; Kreppel et al. 1997, for the attachment) and neutral β-N-
acetylglucosaminidase (OGA; Dong and Hart 1994; Gao et al. 2001,
for the removal), without strict sequons in their substrates.

The degree of intracellular O-GlcNAc is correlated with the avail-
ability of UDP-GlcNAc, the obligatory donor substrate of OGT
(Boehmelt et al. 2000), as well as many other intra- and extra-cellular
stimuli (Hart et al. 2011). UDP-GlcNAc is the end product of the hex-
osamine biosynthetic pathway (HBP), one of the immediate metabolic
routes of glucose (Buse 2006; Teo et al. 2010). Since O-GlcNAc is
inducible and reversible, it is poised as a nutrient sensor downstream
of the HBP (Wells et al. 2003). Following the seminal findings for the
link between excessive HBP flux and the development of insulin resist-
ance (Marshall et al. 1991; Virkamaki et al. 1997; Nelson et al. 2000;
Nakamura et al. 2001; Buse et al. 2002), many studies have pro-
ceeded to demonstrate increased O-GlcNAc levels as the bridge
between the two events (Hebert et al. 1996; Buse et al. 2002;
McClain et al. 2002; Vosseller et al. 2002; Clark et al. 2003; Hanover
et al. 2005; Hu et al. 2005; Forsythe et al. 2006; Dentin et al. 2008;
D’Apolito et al. 2010; Duran-Reyes et al. 2010; Lee et al. 2010; Love
et al. 2010; Rahman et al. 2010; Sekine et al. 2010; Mondoux et al.
2011). The first direct study on O-GlcNAc was established in an
immortal murine adipocyte cell line (3T3-L1), whereby using
PUGNAc (PUGNAc, the first generation of OGA inhibitors; Dong
and Hart 1994; Haltiwanger et al. 1998) to elevate global O-GlcNAc
levels lead to an impairment of acute insulin-stimulated glucose
uptake and signal transmission through the IRS/PI3K/Akt cascade
(Vosseller et al. 2002). Complementary to PUGNAc administration,
transgenic mice overexpressing OGT in adipose and other peripheral
tissues displayed insulin resistant phenotypes despite normal blood
glucose levels (McClain et al. 2002), a condition that closely resembles
transgenic mice overexpressing GFAT, the rate-limiting enzyme in the
HBP (Hebert et al. 1996; McClain et al. 2000). Moreover, overex-
pression of OGA in diabetic db/db mice was reported to alleviate the
whole-body insulin resistant condition (Dentin et al. 2008). In add-
ition to mammalian models, the implication of O-GlcNAc in the insu-
lin signaling pathway has been further supported with studies using
two other model organisms, Drosophila melanogaster (Sekine et al.
2010) and Caenorhabditis elegans (Hanover et al. 2005; Forsythe
et al. 2006; Lee et al. 2010; Love et al. 2010; Rahman et al. 2010;
Mondoux et al. 2011), in which genetic perturbation of O-GlcNAc
cycling enzymes results in distinct phenotypes that recapitulate their
corresponding insulin signaling mutant phenotypes: body size in fruit
flies and life span/dauer regulation in nematodes.

While PUGNAc has been routinely used for the past decades as an
OGA inhibitor to manipulate O-GlcNAc levels in vivo (Dong and Hart
1994; Haltiwanger et al. 1998), recent available information on the
structure and catalytic mechanism of OGA has opened the possibility
for obtaining more selective OGA inhibitors than PUGNAc (Macauley
and Vocadlo 2010). Several groups have undertaken this rational
design challenge and generated various more selective and potent OGA
inhibitors (Macauley et al. 2005; Dorfmueller et al. 2006, 2009, 2010;
Whitworth et al. 2007; Macauley et al. 2008; Yuzwa et al. 2008;
Macauley, Shan, et al. 2010). Unexpectedly, when Vocadlo’s labora-
tory treated cultured adipocytes with NButGT (one of the more select-
ive OGA specific inhibitors) to augment global O-GlcNAc levels, they
did not observe any negative effect in insulin-stimulated glucose uptake
or Akt phosphorylation as demonstrated in PUGNAc-treated

adipocytes (Macauley et al. 2008). Additionally, animals subjected to
NButGT regime remain insulin sensitive with a normal whole-body
glucose homeostasis profile (Macauley, Shan, et al. 2010). In order to
rule out the potential side effect derived from NButGT treatment,
Vocadlo’s group also utilized a structurally unrelated and less selective
OGA inhibitor, termed 6-Ac-Cas, and examined its effect on insulin
action in adipocytes. In line with their findings with NButGT, global
elevation in O-GlcNAc levels upon 6-Ac-Cas treatment does not lead
to insulin resistance (Macauley, He, et al. 2010). Collectively, these
studies initiated a debate for the role of O-GlcNAc in insulin-mediated
signal transduction and the development of insulin resistance.

In addition to its anabolic function, insulin also plays a signifi-
cant pro-survival role in various tissues (Wick and Liu 2001;
Duronio 2008). Hence, insulin resistance not only manifests in the
dysregulation of glucose homeostasis but also results in programmed
cell death in multiple organs, leading to complications such as retin-
opathy (Reiter and Gardner 2003) and nephropathy (De Cosmo
et al. 2013) in diabetic individuals. Given that excessive HBP flux
has been implicated in the impairment of the pro-survival role of
insulin upon serum-deprivation in a retinal cell line via disrupting
the IRS/PI3K/Akt signaling cascade (Barber et al. 2001; Nakamura
et al. 2001), we set out to initially test the hypothesis that insulin’s
pro-survival function could be inhibited by O-GlcNAc elevation.
Based on our initial findings, we began to scrutinize PUGNAc’s
action in the inhibition of insulin action. Toward this end, we use
PUGNAc as well as two more selective OGA inhibitors, GlcNAcstatin-
G (GNSg, developed by van Aalten’s group; Dorfmueller et al. 2010)
and Thiamet-G (TMG, a more stable version of NButGT synthesized
by Vocadlo’s group; Yuzwa et al. 2008) in our research. Since
PUGNAc was previously shown to also affect lysosomal hexosamini-
dase A/B (HexA/B) (Stubbs et al. 2009), we also included a selective
HexA/B inhibitor, INJ2 (generated in Lin’s group; Ho et al. 2010), in
our studies in an attempt to narrow down PUGNAc’s role in hamper-
ing insulin action. Using these tools, we demonstrate that blocking
either OGA or HexA/B using more selective inhibitors does not recap-
itulate PUGNAc treatment, suggesting that a yet unknown target is
likely responsible for PUGNAc-mediated inhibition of insulin action.

Results

Elevation of global O-GlcNAc levels does not affect the

pro-survival action of insulin

We chose Chinese hamster ovary cells ectopically overexpressing
human insulin receptor (CHO-IR; Ebina et al. 1985) as our cell line of
choice since this model has been extensively used to study insulin-
mediated signal transduction (Sun et al. 1992; Wilden et al. 1992;
Myers et al. 1993). Under serum-withdrawal condition, adding insulin
into CHO-IR culture can prevent serum deprivation-induced apoptosis
via activating the insulin-mediated mitogenic pathway (Bertrand et al.
1998; Lee-Kwon et al. 1998), a phenomenon observed in the retinal
neuron cell model as well (Barber et al. 2001). In contrast to the retinal
neuron model, CHO-IR cells do not require laborious differentiation
steps that are imperative for culturing retinal neurons, hence allowing
us to streamline the experimental workflow. To evaluate the protection
by insulin against serum-withdrawal induced apoptosis, we implemen-
ted two parallel experiments in our workflow: the first approach moni-
tors the formation of internucleosomal DNA fragments, a well-
established signature for cells undergoing programmed cell death, using
propidium iodine (PI) to stain and then quantify of the subG1 distribu-
tion of the intracellular DNA content. The second approach employs
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immunoblot detection of activated/cleaved caspase-3 (an executioner of
apoptosis) and the cleavage product of its downstream substrate, poly-
ADP ribose polymerase-1 (PARP-1). The formation of cleaved caspase-
3 and cleaved PARP-1 precedes the formation of DNA fragments dur-
ing the course of apoptosis (Hengartner 2000).

CHO-IR cells were susceptible to apoptosis after culturing in serum-
withdrawal conditions for 24 h as represented by the appearance of
apoptotic DNA fragments detected by PI staining (∼5%, Figure 1A and
B). Likewise, cleavage products from caspase-3 and PARP-1 were also
readily detected in cell lysate prepared from cells that were serum
deprived, but not from those that were cultured in the presence of ser-
um (Figure 1C). To establish the lowest concentration of insulin that is
sufficient for its anti-apoptotic function, we cultured CHO-IR in the ser-
um free medium supplemented with 0.01, 0.1, 1 or 10 nM of insulin.
We did not detect any of the apoptosis markers (fragmented DNA,
cleaved caspase-3 or cleaved PARP-1) with 1 or 10 nM insulin treat-
ment, indicating that 1 nM of insulin is sufficient to effectively rescue
CHO-IR cells from undergoing serum-withdrawal-induced apoptosis
(Figure 1). While the percentage of apoptotic cells is lower than reported
in Bertrand et al., our observation is otherwise in agreement with their
findings in the same type of cells (Bertrand et al. 1998).

To increase the global O-GlcNAc levels, we cultured CHO-IR cells
in the presence of GNSg (0.5 µM; Dorfmueller et al. 2009), TMG (2.5
µM; Yuzwa et al. 2008) or PUGNAc (50 µM) for 24 h (Figure 2A).

Since GNSg and TMG were rationally designed based on the struc-
tural and catalytic information of OGA and its bacterial homologs,
both inhibitors are more potent and showed greater selectivity against
OGA over HexA/B in comparison to PUGNAc (Macauley and
Vocadlo 2010). As a result, instead of treating cells with the same con-
centration for all three inhibitors, we selected concentrations for each
inhibitor that gave us consistent and comparable global O-GlcNAc
levels as detected by a one-dimensional immunoblot using a pan-O-
GlcNAc-specific antibody, CTD110.6 (Figure 2A).

When CHO-IR cells were treated with either GNSg or TMG in
the presence of insulin, we did not observe the formation of apop-
totic DNA fragment (Figure 2B), or caspase-3 and PARP-1 cleavage
products (Figure 2C). On the other hand, all of the apoptotic mar-
kers were readily detectable when cells were cultured in the presence
of both insulin and PUGNAc (Figure 2B and C). Collectively, these
results indicate that unlike PUGNAc, GNSg and TMG do not lead
to any detrimental effect on the anti-apoptotic action of insulin.
Since both GNSg and TMG are more potent and selective OGA
inhibitor than PUGNAc, our observation suggests that elevated glo-
bal O-GlcNAc levels alone are not responsible for dampening the
protective action of insulin. In agreement with Macauley et al.
whose reports primarily focused on the glucose homeostasis aspect
of insulin function (Macauley et al. 2008; Macauley, He, et al.
2010; Macauley, Shan, et al. 2010), our data also indicate that

Fig. 1. Insulin rescues CHO-IR cells from undergoing serum-withdrawal induced programmed cell death. (A) Distribution of fluorescence intensity of PI stained CHO-

IR cells that were cultured in the presence or absence of serum and 0.01, 0.1, 1 and 10 nM insulin for 24 h. (B) Scatter plots represent the percentage of apoptotic cells

from each condition (n = 6). Independent experiments were plotted with an identical symbol for different conditions. Black bars indicate the average percentage from

six independent experiments, and the error bars indicate ± STDEV. Student’s t-test (paired, one-tailed) was used to evaluate statistical significance using serum-

deprived sample as the control. * P ≤ 0.006, # NS, not significant. (C) Western blots of apoptotic markers, cleaved caspase-3 and cleaved PARP-1. Antibodies against

full-length caspase-3 and PARP-1, as well as β-actin, are included as controls. This figure is available in black and white in print and in colour at Glycobiology online.
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PUGNAc impinges on insulin actions via a secondary target rather
than the inhibition of OGA.

Lysosomal hexosaminidase B inhibition is not responsible

for PUGNAc-mediated inhibition of insulin action

After ruling out O-GlcNAc elevation alone in interfering with the
protective action of insulin, we were curious to understand the

inhibitory effect of PUGNAc on insulin action. In mammals, there are
two additional enzymes, namely lysosomal hexosaminidases A and B
(HexA and HexB or HexA/B), that hydrolyze terminal GlcNAc struc-
ture via the same substrate-assisted catalytic mechanism utilized by
OGA (Davies and Martinez-Fleites 2010; Slamova et al. 2010).
Although OGA and HexA/B belong to different CAZy families and
reside in distinct cellular compartments, PUGNAc was found to
inhibit HexA/B leading to an accumulation of glycosphingolipids

Fig. 2. PUGNAc (PUG), but not elevated O-GlcNAc levels via OGA inhibition, blocks the pro-survival function of insulin. (A) O-GlcNAc western blots of cell lysate

from CHO-IR cells treated with 0.5 µM GNSg, 2.5 µM TMG or 50 µM PUG in the absence or presence of insulin (1 nM or 10 nM). (B) Scatter plots represent the

percentage of apoptotic cells from each condition (n = 3). Independent experiments were plotted with an identical symbol for different conditions. Black bars

indicate the average percentage from three independent experiments, and the error bars indicate ± STDEV. Student’s t-test (paired, one tailed) was used to

evaluate statistical significance using serum-deprived sample as the control. * P ≤ 0.05, # NS, not significant. (C) Western blots of apoptotic markers, cleaved

caspase-3 and cleaved PARP-1, and their full-length counterparts as well as β-actin of cell lysates treated with the same conditions as in (A) and (B).
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(GSLs) in various neuronal cell lines (Stubbs et al. 2009; Ho et al.
2010). We reasoned that one possible scenario to explain the discrep-
ancy between PUGNAc and other selective OGA inhibitors may be
due to PUGNAc’s inhibition of lysosomal HexA/B activity. To test
our hypothesis, we utilized a highly selective HexA/B inhibitor, INJ2,
which is a GlcNAc-type iminocyclitiol derivative synthesized by Lin’s
group (Ho et al. 2010), to specifically inhibit lysosomal HexA/B activ-
ity without altering the intracellular O-GlcNAc profile.

To confirm PUGNAc and INJ2 display a similar inhibitory effect
on lysosomal HexA/B and yield a comparable GSL profile, we per-
formed an electrospray ionization mass spectrometry analysis on
permethylated GSLs isolated from CHO-IR cells with vehicle control
(DMSO), PUGNAc or INJ2 treatments. In the vesicle control treat-
ment, our GSL profiling reveals GM3 as the predominant GSL
expressed in CHO-IR cells (Figure 3A, top panel), which agrees with
previous reports in the parental CHO cell line (Briles et al. 1977;

Young et al. 1990). Based on the relative peak intensities of two
spiked-in MS standards (G3 and XLLG) to GSL peaks, both
PUGNAc (Figure 3A, middle panel) and INJ2 (Figure 3A, bottom
panel) treatment lead to a global increase of GM3 as wells as
lactose-ceramide (Lac-Cer) and glucose-ceramide (Glc-Cer) in a simi-
lar manner. Unlike PUGNAc, however, INJ2 does not result in any
change in global O-GlcNAc levels (Figure 3B).

We did not observe any increase in the apoptotic DNA frag-
ments in cells treated with both insulin and INJ2 (Figure 3C).
Likewise, comparable levels of cleaved products from caspase-3
and cleaved PARP-1 were detected when CHO-IR cells were cul-
tured in insulin alone or in the presence of both insulin and INJ2
(Figure 3D). Thus, according to our observations, targeted inhib-
ition of lysosomal HexA/B does not explain the inhibitory effect of
PUGNAc on the protection of insulin upon serum-withdrawal-
induced apoptosis.

Fig. 3. PUGNAc (PUG), but not elevated GSL via HexA/B inhibition, blocks the protective action of insulin. (A) Mass spectrometry analysis on permethylated GSL

reveals a relative increase in global GM3, Lac-Cer and Glc-Cer levels in 50 µM PUG or 0.5 µM INJ2-treated cells to spiked in standards. G3 and XLLG are spiked in as

standards after permethylated GSLs from each treatment was normalized according to the BCA assay readout from the initial starting materials. Since all the spectra

are shown based on the relative ion intensity, the relative abundance of internal standards to GSLs reflects an inverse correlation in which sample with higher ion

intensities for GSLs has lower ion peaks for both G3 and XLLG. (B) O-GlcNAc western blots of cell lysates from CHO-IR cells treated with 50 µM PUG or 0.5 µM INJ2

in the absence or presence of insulin (1 or 10 nM). (C) Scatter plots represent the percentage of apoptotic cells from each condition (n = 4). Independent experiments

were plotted with an identical symbol for different conditions. Black bars indicate the average percentage from four independent experiments, and the error bars

indicate ± STDEV. Student’s t-test (paired, one tailed) was used to evaluate statistical significance using serum-deprived sample as the control. * P ≤ 0.04, # N.S.,

not significant. (D) Western blots of apoptotic markers, cleaved caspase-3 and cleaved PARP-1, and their full-length counterparts as well as β-actin of cell lysates trea-

ted with the conditions as described in (B) and (C). This figure is available in black and white in print and in colour at Glycobiology online.
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An unknown target of PUGNAc is causing the

inhibitory effect on insulin

Having excluded the scenarios in which targeting either OGA or
HexA/B alone impinge on insulin’s anti-apoptotic function, we
wanted to explore the possibility that a simultaneous perturbation
of both OGA and HexA/B activities resulting from PUGNAc treat-
ment is perhaps essential for the detrimental outcome. To address
this question, we compared the protective action of insulin with
PUGNAc alone and, with the combination of OGA and HexA/B
selective inhibitors. We hypothesized that if the concurrent inhib-
ition on both OGA and HexA/B is required to impinge on insulin
action, the presence of GNSg or TMG in conjunction to INJ2 would
mimic PUGNAc treatment.

In Figure 4A, we showed that treating cells with both OGA and
HexA/B inhibitors lead to an increase in the levels of O-GlcNAc
modified proteins which is comparable with that of PUGNAc treat-
ment (Figure 4A). Counter to our hypothesis, when CHO-IR cells
were treated with either GNSg/INJ2 or TMG/INJ2 combinations in
conjunction with insulin, we were not able to detect any significant
increase in the apoptotic cell population (Figure 4B) or the cleavage
products of caspase-3 and PARP-1 (Figure 4C). Since none of the
treatments recapitulated the negative effect of PUGNAc on the pro-
survival role of insulin, we conclude that the inhibition of OGA and
HexA/B by PUGNAc are irrelevant in PUGNAc-induced inhibition
of insulin action. In conclusion, our study strongly suggests that
PUGNAc has an unknown target, which is responsible for its role in
compromising insulin action.

Discussion

Controversy surrounding the role of O-GlcNAc in regulating insulin
action using PUGNAc and two other OGA inhibitors (NButGT and
6-Ac-Cas) prompted us to compare the effect of PUGNAc to GNSg
and TMG on insulin action. In contrast to PUGNAc, which lacks
inhibitory selectivity of OGA over lysosomal hexosaminidases,
GNSg and TMG are structurally distinctive yet more selective and
potent OGA inhibitors. Unlike Vocadlo and colleagues whose stud-
ies on NButGT (Macauley et al. 2008; Macauley, Shan, et al. 2010)
and 6-Ac-Cas (Macauley, He, et al. 2010) focused on the impact of
O-GlcNAc on insulin-mediated glucose uptake in adipocytes, our
primary goal was to investigate the effect of O-GlcNAc on the anti-
apoptotic action of insulin. This is because insulin not only serves as
a regulator for glucose homeostasis but also acts as a survival factor
in some target tissues and cell types (Figure 1; Reiter and Gardner
2003; Barber et al. 2011). We also wanted to follow-up on studies
by Gardener and Buse that had implicated increased flux through
the HBP in inhibition of the pro-survival role of insulin (Nakamura
et al. 2001). We observed that while GNSg, TMG and PUGNAc all
lead to an elevation of global O-GlcNAc levels, only PUGNAc treat-
ment results in an attenuation of the pro-survival function of insulin
(Figure 2). As a side note, we routinely detected a slight increase in
global O-GlcNAc when CHO-IR cells were exposed to the insulin
regardless of the presence of additional inhibitors (Supplementary
data, Figure S2A, S3B and S4A). While we do not comprehend the
biological significance of such phenomenon, it has also been shown
in 3T3-L1 adipocytes that insulin stimulation is linked to enhancing
OGT activity potentially via insulin-dependent tyrosine phosphoryl-
ation of OGT (Whelan et al. 2008). Since GNSg and TMG are spe-
cifically designed to target OGA, our results are resonant with those
in adipocytes by Macauley et al. (2008), Macauley, He, et al. (2010)

and Macauley, Shan, et al. (2010), in which increased O-GlcNAc
levels does not directly participate in hampering specific insulin
functions.

Having ruled out the direct involvement of OGA in PUGNAc-
mediated inhibitory effect of anti-apoptotic function of insulin, we
further examined the role of PUGNAc in interfering with insulin
action. The second obvious PUGNAc target is lysosomal HexA/B,
since previous studies have established that PUGNAc can also block
lysosomal HexA/B activity and results in a buildup in GSL levels
(Stubbs et al. 2009; Ho et al. 2010) and free oligosaccharides
(Mehdy et al. 2012) by hampering GSL and N-glycan turnover,
respectively. Indeed, dysregulation in GSL metabolism has been pro-
posed to be one of the causative factors in the development of insu-
lin resistance (Inokuchi 2014). For example, using a cytokine-
induced insulin resistant adipocyte model, Inokuchi and colleagues
detected an upregulation in GM3 synthase expression, an accumula-
tion in GM3 levels and a disruption in insulin-mediated signal trans-
mission (Kabayama et al. 2005; Tagami et al. 2002). Additionally,
Tanabe et al. documented a drastic shift in the GSL profile of high-
fat/sugar-diet-induced diabetic mice compared with that of control
animals, with an increase in GM2, GM1 and GD1a levels (Tanabe
et al. 2009). In order to investigate whether PUGNAc-mediated
alteration in GSL contributes to the impingement of insulin action,
we chose a selective and potent HexA/B inhibitor, INJ2, for the
comparison study. We reasoned that, by using INJ2 alone or INJ2
in conjunction with either GNSg or TMG, it would be possible to
unveil the culprit behind PUGNAc-mediated insulin resistance: if the
inhibition of HexA/B by INJ2 alone is sufficient to recapitulate
PUGNAc effect, then blocking HexA/B activity is the main event in
PUGNAc-induced insulin resistance; otherwise, if the presence of
both HexA/B and OGA selective inhibitors are required to impinge
on insulin action, then PUGNAc-induced insulin inhibition entails
perturbations of two independent glycoconjugate catabolic path-
ways. MS analysis of GSL profile reveals that the expression of GSL
in CHO-IR cells resembles its parental CHO cell line, in which
GM3 is the predominant species (Young et al. 1990). This is because
CHO cells do not express GM2 synthase that is responsible for the
biosynthesis of GM2 (Rosales Fritz et al. 1997). While we did not
detect any GM2 even after PUGNAc or INJ2 treatments, we observed
significantly higher levels of GM3, as wells as the precursors of GM3
(Lac-Cer and Glc-Cer) in the GSL biosynthesis pathway, in both
PUGNAc and INJ2 treated samples compared with a sample treated
with vehicle control (DMSO) (Figure 3A). Surprisingly, neither select-
ive HexA/B inhibitor alone nor the presence of both selective HexA/B
and OGA inhibitors lead to any attenuation in insulin action
(Figures 3 and 4), suggesting that concurrent blocking OGA and
HexA/B activities is not sufficient to induce insulin resistance.

Other than OGA and lysosomal HexA/B, an additional obvious
PUGNAc’s target is α-N-acetylglucosaminidase (NAGLU) that partici-
pates in the lysosomal degradation of heparin sulfate (Ficko-Blean
et al. 2008). Enzymatic characterization of recombinant NAGLU
from different species has demonstrated that NAGLU activity is sus-
ceptible to inactivation by various non-selective N-acetylglucosamini-
dase inhibitors, including PUGNAc and 6-Ac-Cas (Zhao and Neufeld
2000; Ficko-Blean et al. 2008). Interestingly, when Macauley and col-
leagues treated 3T3-L1 adipocytes with 6-Ac-Cas, they observed a
drastic increase in global O-GlcNAc levels while the cells remain insu-
lin sensitive (Macauley, He, et al. 2010). Since PUGNAc and 6-Ac-
Cas are both potent OGA and NAGLU inhibitors, the differential
outcomes from these two inhibitors suggest that NAGLU is unlikely a
contributor to PUGNAc-mediated attenuation of insulin action.
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Fig. 4. A combination of elevated O-GlcNAc and GSL via specific inhibitors of OGA and HexA/B do not recapitulate PUGNAc action. (A) O-GlcNAc western blots

of cell lysates from CHO-IR cells treated with 50 µM PUG or 0.5 µM INJ2 in the absence or presence of insulin (1 or 10 nM). (B) Scatter plots represent the per-

centage of apoptotic cells from each condition (n = 4). Independent experiments were plotted with an identical symbol for different conditions. Black bars indi-

cate the average percentage from four independent experiments, and the error bars indicate ± STDEV. Student’s t-test (paired, one-tailed) was used to evaluate

statistical significance using serum-deprived sample as the control. * P ≤ 0.008, # NS, not significant. (C) Western blots of apoptotic markers, cleaved caspase-3

and cleaved PARP-1, and their full-length counterparts as well as β-actin of cell lysates treated with the same conditions as in (A) and (B).
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Collectively, our and others’ results strongly implicate that PUGNAc
has an additional elusive target that is causing insulin resistance.

While we are still puzzled by PUGNAc’s effect on insulin resist-
ance, we propose the following less obvious culprits that might be
responsible for this outcome that warrant further investigations.
Given that the structure of PUGNAc is based on an N-acetylglucosa-
mine (GlcNAc) scaffold, one can speculate that PUGNAc may affect
the functions of enzymes or other proteins that interact with
hexosamine-containing molecules. These potential PUGNAc targets
include (i) a nucleocytoplasmic hexosaminidase (HexD), whose
in vivo substrates have yet to be unambiguously determined
(Gutternigg et al. 2009); (ii) ENGase, an enzyme that participates in
cytosolic free oligosaccharides processing (Suzuki et al. 2002;
Huang et al. 2015); (iii) sugar and nucleotide sugar transporters; (4)
metabolic enzymes; (5) GlcNAc transferases for complex glycosyla-
tions; and (6) lectins that bind GlcNAc containing structures.

A mass spectrometry-based attempt to address PUGNAc-mediated
insulin resistance was recently reported by Baek and coworkers (Lee
et al. 2013), in which a targeted quantitative proteomics approach
was taken to identify nucleotide-binding proteins whose expressions
differ in control and PUGNAc treated adipocytes and myotubes.
Many of the differently expressed nucleotide-binding proteins identi-
fied in this study are functionally associated with the protein ubiquiti-
nation pathway (Lee et al. 2013). However, it remains unclear
whether such phenomenon is specific to PUGNAc administration,
since cells treated with PUGNAc and 6-Ac-Cas both result in an
increase in global ubiquitin levels compared with that of the control
treatment (Lee et al. 2013). Further in-depth examination is warranted
to delineate the exact mechanism of PUGNAc in the modulating insu-
lin action as well as registering all of the PUGNAc targets.

Given that PUGNAc has been used extensively as an OGA
inhibitor to implicate O-GlcNAc levels in multiple biological pro-
cesses, it is prudent to scrutinize those conclusions that were made
solely based on PUGNAc treatment and future studies should utilize
the more selective inhibitors and/or a combination of both genetic
and pharmacological approaches to study O-GlcNAc biology.

Materials and methods

Reagents

PUGNAc [O-(2-acetamido-2-deoxy-D-glucopyranosylidene)amino
N-phenyl carbamate] was purchased from Toronto Research
Chemicals, Inc. (ON, Canada). Thiamet-G, PI and RNAse A were
purchased from Sigma-Aldrich (St. Louis, MO). GlcNAcstatin G
was a kind gift from Dr. Daan van Aalten (University of Dundee,
UK). INJ2 was a kind gift from Dr. Chun-Hung Lin (Academia
Sinica, Taiwan). Protease inhibitor and phosphatase inhibitor cock-
tails were purchased from Calbiochem (Gibbstown, NJ). Human
insulin was purchased from Roche (Indianapolis, IN).

Cell culture and treatments

CHO-IR cells (Chinese hamster ovary cells overexpressing human
insulin receptor, a gift from Dr. Richard Roth) were maintained in
Ham’s F-12 medium (Corning/Mediatech, Manassas, VA) supple-
mented with 10% fetal bovine serum (Life Technologies/Invitrogen,
Carlsbad, CA) as previously described (Ebina et al. 1985). Cells
were seeded in 12-well plates (5 × 104 cells per well, for PI staining),
35 mm dishes (1.5 × 105 cells per dish, for western blotting) or 100
mm dishes (1 × 106 cells per dish, for GSL analysis) and cultured for
48 h before treatments. For each treatment, the cells were washed

twice with PBS, and re-fed for an additional 24 h with Ham’s F-12
medium with or without supplemented 10% FBS, insulin (1 or 10
nM) or inhibitors (0.5 µM GNSg, 2.5 µM TMG, 50 µM PUGNAc
or 0.5 µM INJ2) as indicated in the figure legends.

PI staining and the measurement of apoptotic cells

At the end of the incubation period, treated cells (∼5 × 104 cells per
sample) were washed twice with PBS and incubated with 60 mM
EDTA/PBS for 5 min at room temperature. Dislodged cells were
transferred into 15 mL centrifuge tubes and centrifuged at 800 × g
for 8 min at 4°C. Cell pellets were resuspended in 200 µL of 60 mM
EDTA/PBS, mixed with 1.8 mL of 70% pre-chilled ethanol and incu-
bated at −20°C for overnight. The cells were centrifuged (800 × g for
15 min at 4°C), resuspended in the staining buffer (50 µg/mL PI, 200
µg/mL RNAse A, 1% Triton X-100). After incubating at 37°C for
1 h, the cells were pelleted, resuspended in 20 µL of PBS and analyzed
on a Nexcelom automatic cell counter (Nexcelom Bioscience,
Lawrence, MA) using the default setting for cell cycle analysis
(CBA_Cell Cycle_PI595 nm). Percentage of apoptotic cells from each
analysis was compiled and graphed into the scatter plot format. Each
identical symbol in different conditions is a data point collected from
the same experiment. T-test (paired, one-tailed) was used to determine
statistical significance.

Whole cell lysate preparation and immunoblotting

At the end of the incubation period, treated cells were washed twice
with PBS and incubated with 60 mM EDTA/PBS for 5 min at room
temperature. Dislodged cells were transferred into 15 mL centrifuge
tubes and centrifuged at 800 × g for 8 min at 4°C. Cell pellets were
resuspended in TNS lysis buffer (10 mM Tris, pH 7.5, 150 mM
NaCl, 1% Igepal CA-630, 0.1% SDS, 4 mM EDTA, 1 mM DTT,
100 µM PUGNAc, protease inhibitor cocktail and phosphatase
inhibitor cocktail) and incubated on ice for 15 min. Cell lysates were
then transferred into microtubes and centrifuged at 12,000 × g for
15 min at 4°C. Clarified supernatants were transferred into fresh
tubes and protein concentration from each sample was quantified
with Bradford protein assay according to manufacturer’s instruc-
tions (Bio-Rad, Hercules, CA) using bovine serum albumin (BSA;
from Thermo Fisher Scientific, Pittsburgh, PA) as a standard. Equal
amount of protein from each lysate was mixed with 5× Laemmli
sample buffer, heated at 80°C for 15 min, and stored at −20°C until
further immunoblot analyses. Equal amount of total protein (typic-
ally 5–10 µg per lane) was subjected to SDS–PAGE analysis using
Mini-PROTEAN TGX precast gels (7.5%, 4–15% or 4–20% gels,
Bio-Rad, electrophoresis settings: 200 V, 30–35 min). The gels were
subsequently electrotransferred (Trans-Blot SD semi-dry apparatus,
Bio-Rad, electrotransfer settings: 20 V, 30 min) onto Immobilon-P
membranes (0.45 µm, EMD Millipore Corporation, Bedford, MA)
and the membranes were subjected to immunoblotting according to
the standard procedure. The membranes were blocked with either
3% BSA (CTD110.6) or 5% non-fat milk (the rest of the blots) in
TBST (TBS supplemented with 0.1% Tween 20). The primary anti-
bodies used included (source and dilution factor as indicated): anti-
caspase-3 (Cell Signaling Technology, Beverly, MA, 1:1000), anti-
cleaved caspase-3 (Cell Signaling Technology, 1:2500), PARP-1/2
(Santa Cruz Biotechnology, Santa Cruz, CA, 1:4000) and cleaved
PARP-1/p25 (EMD Millipore, 1:20,000). All the membranes were
incubated in primary antibodies for overnight at 4°C. The secondary
antibody-HRP conjugates were used in accordance to the species in
which the primary antibodies were generated [sheep anti-mouse
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IgG-HRP (GE Healthcare, Piscataway, NJ, 1:20,000), goat anti-
rabbit IgG-HRP (GE Healthcare, 1:20,000)] and the final detection
of HRP activity was performed using Pierce ECL western blotting
substrate (Thermo Fisher Scientific/Pierce, Rockford, IL). The only
exception was the cleaved caspase-3 blot, in which stabilized goat
anti-rabbit IgG (H + L)-HRP (Thermo/Pierce, 1:5000) and
SuperSignal west Femto (Thermo Fisher Scientific/Pierce) were used
as the secondary antibody and ECL substrate, respectively. Finally,
the membranes were exposed to HyBlotCL films (Denville Scientific,
Metuchen, NJ). Upon the completion of the aforementioned proced-
ure, all the blots were subsequently stripped (either with 0.1 M gly-
cine, pH 2.5, or 30% H2O2) and reprobed with β-actin (Sigma-
Aldrich, 1:50,000) antibody as loading control.

Glycospingolipid analysis

CHO-IR cell (treated with DMSO, 50 µM PUGNAc or 0.5 µM INJ2
for 24 h; 4 × 100 mm dishes per condition) pellets were subjected to
organic solvent extraction, alkaline saponification, C18 solid-phase
extraction and permethylation, as described in Boccuto et al. (2014),
to obtain permethylated GSL. The protein-containing insoluble frac-
tion from the initial organic solvent extraction step was subjected to
trypsin digestion in the presence of 40 mM ammonium bicarbonate at
37°C for overnight and the total peptide contents were quantified with
bicinchoninic acid (BCA) assay according to manufacturer’s instruc-
tions (Thermo Fisher Scientific/Pierce) using BSA (from Thermo Fisher
Scientific, Pittsburgh, PA) as a standard. Permethylated GSLs from
each treatment were dissolved in 1 mM sodium hydroxide prepared in
methanol–water (1:1) after normalizing the amount to the readout of
the BCA assay. Each sample was spiked in with two internal standards
for relative quantification of peaks compared with the standards: per-
methylated cellotriose (m/z 681) and permethylated xyloglugan XLLG
oligosaccharide (m/z 1773.85), see (York et al. 1990; Tuomivaara
et al. 2015) for the structures and preparation. All samples were dir-
ectly infused into a linear ion trap mass spectrometer (Thermo
Finnigan, San Jose, CA) using an electrospray source connected to a
syringe with a flow rate of 3 µL/min. All the spectra were acquired in
the positive mode, with a spray voltage of 5 kV and capillary tempera-
ture of 275°C.

Supplementary data

Supplementary data for this article are available online at http://
glycob.oxfordjournals.org/.
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