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Abstract

The vital importance of the Leloir pathway of galactose metabolism has been repeatedly
demonstrated by various uni-/multicellular model organisms, as well human patients who have
inherited deficiencies of the key GAL enzymes. Yet, other than the obvious links to the glycolytic
pathway and glycan biosynthetic pathways, little is known about how this metabolic pathway
interacts with the rest of the metabolic and signaling networks. In this study, we compared the
growth and the expression levels of the key components of the PI3K/Akt growth signaling
pathway in primary fibroblasts derived from normal and galactose-1 phosphate uridylyltransferase
(GalT)-deficient mice, the latter exhibited a subfertility phenotype in adult females and growth
restriction in both sexes. The growth potential and the protein levels of the pAkt(Thr308),
pAkt(Serd73), pan-Akt, pPdk1, and Hsp90 proteins were significantly reduced by 62.5%, 60.3%,
66%, 66%, and 50%, respectively in the GalT-deficient cells. Reduced expression of
phosphorylated Akt proteins in the mutant cells led to diminished phosphorylation of Gsk-3p
(-74%). Protein expression of BiP and pPten were 276% and 176% higher respectively in cells
with GalT-deficiency. Of the 24 genes interrogated using QIAGEN RT? Profiler PCR Custom
Arrays, the mRNA abundance of Akt1, Pdpk1, Hsp90aal and Pi3kca genes were significantly
reduced at least 2.03-, 1.37-, 2.45-, and 1.78-fold respectively in mutant fibroblasts. Both serum-
fasted normal and GalT-deficient cells responded to Igf-1-induced activation of Akt
phosphorylation at +15 minutes, but the mutant cells have lower phosphorylation levels. The
steady-state protein abundance of Igf-1 receptor was also significantly reduced in mutant cells.
Our results thus demonstrated that GalT deficiency can effect down-regulation of the PI3K/Akt
growth signaling pathway in mouse fibroblasts through distinct mechanisms targeting both gene
and protein expression levels.
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Introduction

The phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/ protein kinase B (Akt) signaling
pathway has been intensively studied because of its prominent role in regulating cell growth
and metabolism (see [1] for review). Since many human cancers involve amorphic
mutations in the phosphatase and tensin homolog (PTEN) gene, a key negative regulator of
the PI3K/Akt pathway [2, 3], many studies focused on the aberrant up-regulation of the
pathway and its positive regulators. Indeed, a master positive regulator of the pathway, 3-
Phosphoinositide-dependent kinase-1 (PDK1), has been hailed as a promising anti-
neoplastic target for human cancers [4, 5]. By contrast, little is known about conditions in
which the PI3K/Akt pathway is down-regulated in the absence of anti-cancer therapy or
genetic modulation of pro-apoptotic signaling pathways. Brace and coworkers were the first
to show that galactokinase (GALK1) deficiency induced by GALK1-specific sSiRNA leads to
reduced Akt phosphorylation in human cancer cells in culture [6].

Earlier, we constructed a new mouse model of galactose-1 phosphate uridylyltransferase
(GalT) deficiency [7]. Our characterization of the GalT-deficient mice revealed subfertility
in adult females and growth restriction in both sexes [7]. To study the mechanisms behind
the growth impairment caused by GalT deficiency, we examined the expression level of the
canonical PI3K/Akt growth signaling pathway in mouse fibroblasts derived from the GalT-
deficient mice. We found that GalT deficiency induces pleiotropic down-regulation of the
PI3K/Akt pathway at both mRNA and protein abundance levels. Our findings not only
reaffirm the link between galactose metabolism and the PI3K/Akt growth signaling pathway
at the molecular level, but also offer novel insights into the pathophysiological mechanisms
of Classic Galactosemia [8] — a rare disorder where human patients suffer from the inherited
deficiency of the human GALT enzyme.

Materials and Methods

Cells and Culture Conditions

Primary skin fibroblasts were isolated from young adult female GalT-deficient mice [7] and
their sex-matched normal littermates using the method described by Seluanov and
coworkers [9]. After confirmation of cell type identity by a Board-Certified pathologist, the
isolated fibroblast strains were propagated in regular Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 15% fetal bovine serum (FBS), 2.5% penicillin and
streptomycin at 37°C with 5% CO». Collagenase and cell culture media were purchased
from Invitrogen (Waltham, MA).
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Antibodies against selected components of the PI3K/Akt signaling pathway were included in
the Phospho-Akt Pathway Antibody Sampler Kit (Cell Sgnaling Technology, Danvers,
MA). Anti-mouse BiP/GRP78 were purchased from BD Bioscience (San Jose, CA). Anti-
mouse Hsp90 was obtained from Santa Cruz Biotechnology Inc. (Dallas, TX). Anti-mouse
Gapdh was purchased from Sgma Inc. (St. Louis, MO). Anti-mouse Igf-1 receptor (Igf-1r)
was purchased from Cell signaling Technology (Danvers, MA).

Cell growth assessment

20 x 104 fibroblast cells derived from each of the three normal and three GalT-deficient
mice were seeded in each of the 16 wells of a 24-well cell culture plate at day 0. Cell growth
was monitored daily by counting the cells from four aliquots (two aliquots from each of the
duplicate wells) for seven days consecutively.

Igf-1 activation of Akt phosphorylation

To study the kinetics of mouse Igf-1 activation of Akt phosphorylation, fibroblast cells
derived from the three normal and three GalT-deficient mice were cultured in replicates
overnight in DMEM supplemented with 2% FBS and 2.5% penicillin/streptomycin. On the
day of the experiment, the cells were serum-starved for two hours before Igf-1 stimulation
(100ng/ml in serum- and antibiotics-free DMEM). Cells were stimulated for four hours and
samples of the stimulated cells were collected at +15 minutes, +30 minutes, and +4 hours for
Akt phosphorylation assessment. At the end of Igf-1 treatment, the culture media was
replaced with serum-free DMEM. Another sample was collected at +24 hours for Akt
phosphorylation assessment. Recombinant mouse Igf-1 was obtained from Invitrogen Inc.
(Frederick, MD).

Quantitative Real Time PCR

Steady-state mMRNA expression levels of 24 selected components of the PI3K/Akt signaling
in three normal and three GalT-deficient cell strains were assessed by QIAGEN Custom RT?
Profiler PCR Arrays on a contractual fee-for-service basis.

Immunoblot Analysis

Protein lysates from the fibroblasts were prepared by mechanical disruption of the cells in
hypotonic buffer [25mM NaCl, 0.5mM EDTA, 25mM Tris HCI (pH 7.2)] with protease and
phosphatase inhibitors at 4°C. The cell debris were removed by centrifugation at 13,000rpm
for 15 minutes at 4°C. Pierce BCA protein estimation kit (Thermo Scientific, Rockford, IL)
was used to determine the total protein content. 40g of the total protein was resolved by
12% SDS-PAGE before being transferred to a nitrocellulose membrane. The
immunoblotting was carried out by the procedure described by Lai and coworkers [10].
Manufacturers’ recommended titers for the respective primary/secondary antibodies were
followed in all experiments. Primary antibodies were detected with IR dye-conjugated
secondary antibodies and visualized by Odyssey Image Analyzer (Li-Cor Biotechnology,
Lincoln, NE). Quantitative analysis of the fluorescence signals was performed by Image
Studio™ L.ite software (Li-Cor Biotechnology, Lincoln, NE), and the results were
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normalized to the corresponding Gapdh abundance detected from the same blot. Student’s t-
test was used to determine statistical significance of the results.

Galactose-1 phosphate Assay

Intracellular galactose 1-phosphate level was assayed by the enzyme-coupled assay
previously described [11].

Results

Accumulation of galactose-1 phosphate in GalT-deficient mouse fibroblasts

Previously, we constructed a new mouse model of GalT deficiency [7]. In this study, we
isolated skin fibroblasts from six age-, and sex-matched normal (N/N) and GalT-deficient
(G/G) mice (three for each group). We found that when the GalT-deficient cells were
exposed to high level of galactose (0.1% ~ 5.5mM) in the growth medium, the amount of
gal-1P accumulated rose up to 12.59 + 2.84 ng gal-1P/ pg cell protein (Fig. 1a). Even when
the mutant cells were grown in the absence of exogenous galactose, they accumulated 3.12 +
1.79 ng gal-1P/ pg cell protein (Fig. 1a).

Growth restriction in GalT-deficient mouse fibroblasts

We followed the growth of three normal and three GalT-deficient mouse fibroblast strains in
regular culture medium for consecutive seven days. We found that the mutant fibroblasts
reached 177+27 x 104 cells/ml at the peak of the growth curve while the normal cells could
reach up to 250+26 x 104 cells cells/ml (Fig. 1b). These results agree with the growth
restriction phenotype we reported in our mouse model with GalT deficiency [7].

Altered expression levels of phosphorylated Akt proteins and their downstream target in
GalT-deficient cells

To investigate the molecular basis behind the reduced growth of the mutant mouse
fibroblasts, which could shed clues to underlying mechanisms for the growth restriction
phenotype of the mouse model [7] and human patients with GALT-deficiency Galactosemia
[12], we examined for signs of attenuation of the PI3K/Akt growth signaling pathway in
these cells. We performed immunoblot analysis using monoclonal antibodies against Akt
proteins phosphorylated at threonine-308 and serine-473, respectively, in normal and GalT-
deficient fibroblasts cultured in regular DMEM supplemented with 15% FBS. Our results
revealed significantly reduced steady-state abundance of pAkt(Ser473) (-60.3%, p<0.05)
and pAKkt(Thr308) (-62.5%, p<0.05) in the GalT-deficient cells (Fig. 1c). The diminished
level of pAkt also resulted in a significant decrease in pGsk-3p (-74%), which is a
downstream target of the phosphorylated Akt [13] (Fig. 1c). This confirmed a functional
consequence of reduced pAkt.

Altered protein expression levels of the key regulators of Akt phosphorylation in GalT-
deficient cells in reqular DMEM medium

To determine the cause(s) for the decreased steady-state abundance of pAkt(Thr308) and
pAkt(Ser473) in the GalT-deficient cells, we evaluated the key regulators of Akt
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phosphorylation (Pten, Pdk1, pan-Akt) and other known factors such as endoplasmic
reticulum (ER) stress, which has been shown to occur in human GALT-deficient fibroblasts
[14]. We found that GalT-deficient mouse fibroblasts exhibited approximately 66% decrease
in pPdk1 (active phosphorylated form of Pdk1) and pan-Akt (total Akt), as well as over 50%
reduction in Hsp90 (Fig. 2a). By contrast, we saw 176% and 276% increases in pPten and
BiP, respectively, in the mutant cells.

MRNA expression levels of PI3K/Akt signaling pathway components

To determine if the changes in the abundances of the PI3K/Akt signaling pathway
components in the mutant fibroblasts resulted from the corresponding changes in the mMRNA
expression of the respective genes, we quantified the steady-state mMRNA abundances of 24
selected components of the signaling pathway using QIAGEN RT?2 Profiler PCR Custom
Arrays. The top three up-regulated genes in the mutant cells were Hspbl (5.9-fold), Prkcz
(2.4-fold), and Igf-1r (1.75-fold) (Fig. 2c), but their associated p values were greater than
0.05. On the other hand, the mRNA abundance of Aktl, Pdpkl, Hsp90aal, Hsp90b1l,
Hsp90abl and Pi3kca genes were significantly reduced at least 2.03-, 1.37-, 2.45-, 1.83-,
1.80- and 1.78-fold respectively in mutant fibroblasts, with the associated p values less than
0.05 (Fig. 2c). No significant changes were seen for Irsl, Igfl, Mtor, and Pten.

Igf-1 activation of Akt phosphorylation

The attenuated steady-state expression of the PI3K/Akt signaling pathway in GalT-deficient
mouse fibroblasts prompted us to examine the proximal events that lead to Akt
phosphorylation in the cells. As shown in Fig. 3a, Akt phosphorylation was rapidly induced
within 15 minutes in both the normal and GalT-deficient cells. However, it is apparent that
the levels of phosphorylation were lower in the mutant cells, similar to what we saw at
steady-state levels (Fig. 1c). We also compared the steady-state protein abundance of Igf-1
receptor (Igf-1r) in both normal and GalT-deficient cells. We found that the expression of
Igf-1r was significantly down-regulated (—78%) in the mutant cells (Fig. 3b).

Discussion

Earlier, Brace and colleagues found that silencing of the human galactokinase (GALK1)
gene led to the decreased Akt phosphorylation in cultured cancer cells and tumors [6]. While
their findings were novel, the authors did not disclose whether the down-regulation occurs
solely at the post-translational level. In addition, it is unclear the degree of the GALK1
knockdown in their experiments, which could have significant implications on the extent of
the down-regulation. In our studies described here, we examined the link between galactose
metabolism and the PI13K/Akt signaling pathway in fibroblasts derived from mice that are
completely devoid of a different key enzyme of the galactose metabolic pathway —
galactose-1 phosphate uridylyltransferase (GalT). Additionally, our results indicated that the
down-regulation of the PI3K/Akt pathway occurs at both mRNA and protein levels.

But how can perturbation of the galactose metabolic pathway caused by GalT deficiency
lead to pleiotropic down-regulation of the PI3K/Akt growth signaling pathway? In Fig. 4,
we proposed a model based upon the current and past experimental data gathered by our
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laboratory and those of other investigators. For quite some time, others and we have shown
that GALT deficiency in human patient cells could lead to ER stress [15, 16], which could
be the result of metabolic dysregulation and/or the aberrant glycosylation widely reported in
patients [17, 18]. In fact, the increase in BiP protein abundance (Fig. 2a, b) and the up-
regulation of the Hspb1 (Heat shock 27kD protein 1) gene (Fig. 2¢) in the mutant cells
indicated that they were experiencing ER stress. It has been documented, and confirmed by
us here, that ER stress could result in reduced mRNA level of pan-Akt and its abundance
[19] (Fig. 2), which could lead to decreased Akt available for phosphorylation.

The 66% decrease in pan-Akt level could, in theory, explain the diminished pAkt(Thr308)
and pAkt(Ser473) phosphorylation. Yet, we were surprised to find reduced amounts of
pPdk1 (active form of Pdk1) (-66%) and Hsp90 (-50%) in this case. Since Pdk1 is the
major kinase that phosphorylates Akt at threonine-308 (see review [1]), our data suggested
that decreased pPdk1 could have negatively affected the abundance of pAkt(Thr308). But
what could have caused the 66% reduction of pPdk1 protein abundance in the GalT-
deficient cells at the first place; especially we only saw a 1.37-fold (28%) decrease in the
Pdpkl mRNA (Fig. 2¢)? Fujita et al. were among the few to show that Hsp90 is critical for
the stability of Pdk1 [20]. In Fig. 2, we showed that Hsp90 is diminished at both mRNA and
protein levels in the GalT-deficient cells, which may partly explain the 66% reduction in
pPdk1 protein abundance. We are not certain about the cause for the diminished Hsp90
mRNA and protein levels in the GalT-deficient cells, although inhibition of Hsp90 activity
elicits ER stress and apoptosis [21]. The phosphorylation of Pdk1 to pPdk1 is dependent by
PI3K activity (see review [1]). Therefore, reduction in pPdk1 can also be a result of
diminished PI3K activity. Interestingly, we detected a 1.78-fold (45%) decrease (p < 0.05) in
Pi3kca gene mRNA (Fig. 2c). Since pPdk1 is capable of activating protein kinase C zeta
subunit (Prkcz) [22], it is possible that the canonical protein kinase C signaling pathway is
affected in GalT deficiency as well. Just as the lower expression levels of pPdk1 and Hsp90
in GalT-deficient cells preclude reduced pan-Akt level as the sole mechanism for the
diminished pAkt(Thr308) abundance, ER stress might also contribute to the negative change
in pAkt(Ser473) abundance through reduced mTORC2 enzymatic activity [19], which is
required to phosphorylate pAkt at serine-473 [23].

The down-regulation of the PI3K/Akt signaling pathway at steady-state in the GalT-
deficient cells prompted us to examine the proximal events leading to Akt phosphorylation
in these cells. Despite lower level of Akt phosphorylation was observed in the GalT-
deficient cells, induction of Akt phosphorylation occurred within 15 minutes after addition
of mouse Igf-1 in both normal and mutant cells (Fig. 3a). This suggested that kinetics of the
Igf-1 induced Akt phosphorylation is not impaired in GalT deficiency. However, we found
decreased steady-state level of Igf-1r in the mutant cells (Fig. 3b), possibly the result of
GalT-induced aberrant glycosylation and the subsequent destabilization of the growth
receptor [24]. Although such decrease in Igf-1r abundance could explain the lower level of
Igf-1-induced Akt phosphorylation, it is important to point out that the reduced Igf-1r alone
failed to account for the simultaneous diminished steady-state levels of pPdk1, Hsp90 and
pan-Akt in the mutant cells. All these indicate that distinct mechanisms are employed in the
down-regulation of the PI3K/Akt signaling pathway in the mutant cells. While ER stress and
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aberrant glycosylation remain the best candidate factors that connect GalT deficiency and
the signaling pathway in our model (Fig. 4), it remains to be elucidated how GalT deficiency
causes ER stress and aberrant glycosylation at the first place. Our future studies will thus
focus on the identification of the signaling molecules that trigger the down-regulation of
PI3K/Akt in GalT-deficient cells and delineation of the relationships, if any, of these
signaling molecules to ER stress and glycan biosynthesis.

In conclusion, our studies of GalT-deficient mouse fibroblasts not only reaffirmed the role
played by normal galactose metabolism in PI3K/AKkt signaling, but also yielded novel
insights into the regulatory mechanisms that were not documented in the studies conducted
by Brace and coworkers [6]. From the perspective of Classic Galactosemia, it makes perfect
sense to learn that the PI3K/Akt signaling pathway is affected in the GalT-deficient mouse
fibroblasts. After all, Pdk1 and Prkcz play a crucial role in mammalian oocytes development
and neuronal survival [25-27], both of which are believed to be affected in patients with the
disease [12].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

e GalT deficiency induces Endoplasmic Reticulum (ER) stress in mouse
fibroblasts.

»  Down-regulation of PI3K/Akt signaling occurs in GalT-deficient mouse
fibroblasts.

e  GalT activity controls mRNA levels of positive regulators of the PI3K/Akt
pathway.

e GalT activity affects protein levels of selected regulators of the PI3K/Akt
pathway.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2017 January 29.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Balakrishnan et al.

18
16 {
14 4
12

Gal-1P (ng/ug cell protein)

C.

pAkta73— il S e NS s
Gapc —» [

o N B O o

a4
012

M NN664 NN673 NN682 GG463 GG491 GG618

Sz

2.
pAKt308—» TN WiSaeTTDY  SNNSSSWTTS i

1}

=
=

pGsk-38— o -6- - ——
Capdh — [ - — W ——

2 oo0o
O R Do - D

Abundance of pGSK3p/
Abundance of GAPDH

Fig. 1. Comparative biochemical, growth and molecular studies of normal (N/N) and GalT-
deficient (G/G) mouse fibroblasts under different culture conditions

a. Galactose-1 phosphate contents were determined from normal and GalT-deficient cells (n
= 6 for each group) grown in regular DMEM with and without the addition of 0.1%
galactose. In the former case, the cells were challenged with 0.1% galactose for three hours
before being harvested for analysis.

b. Normal and GalT-deficient fibroblasts were seeded in equal numbers at day 0 and growth
of cells in regular DMEM medium was monitored for the next seven days. Each data point
represents the mean value of four cell counts.

c. Levels of pAkt and pGsk3p in three normal and three GalT-deficient cell strains cultured
in regular DMEM were compared by Western Blot Analysis. Exemplary Western Blots were
shown on the left, and the quantified results for the abundances of pAkt’s and pGsk-3p from
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the two groups (n = 6) were presented on the right. “<««” denotes the signal from the anti-
pAkt(Thr308) antibody, which is quite close to a non-specific signal below.
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p=0.230

pPten

Fig. 2. Relative protein and mRNA abundance of key regulators of Akt phosphorylation in
normal and GalT- deficient mouse fibroblasts cultured in regular DMEM

a. Protein expression levels of pPdk1, pPten, pan Akt, BiP, Hsp90 and Gapdh in respective
mouse fibroblasts (n=3 in each group) were compared by immunoblotting.
b. Normalized protein levels of key regulators of Akt phosphorylation.

c. Relative fold change of mMRNA expression of the selected components of PI3K/Akt
signaling pathway in GalT deficient mouse fibroblasts as determined by RT-PCR.
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Fig. 3. Igf-1 induced Akt phosphorylation and steady-state of Igf-1 receptor in normal and GalT
deficient mouse fibroblasts

a. Three normal and three GalT-deficient mouse fibroblasts were cultured and stimulated
with 1gf-1 (100 ng/ml) at time =0 as described in Materials and Methods. Levels of Akt
phosphorylation at the indicated time intervals (0.25 hour, 0.5 hour, 4 hours, 24 hours) was
analyzed by Immunoblot analysis as described above.

b. Immunoblot analysis of steady-state abundance of Igf-1 receptor (Igf-1r) in normal and
GalT-deficient cells cultured in DMEM.
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¢. Normalized protein level of steady state Igf-1r in mouse fibroblasts.
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Fig. 4. Proposed molecular mechanisms that account for the changes in the PI3K/Akt signaling
pathway revealed in the GalT-deficient mouse fibroblasts

Key components of the PI3K/Akt signaling pathway examined in the GalT-deficient mice
are depicted in green squares. “4” and “4” indicates the direction of change in mMRNA and
protein levels of each components.
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