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Abstract

Modification of proteins by O-linked - A-acetylglucosamine (O-GIcNAc) promotes tumor cell
survival, proliferation, epigenetic changes, angiogenesis, invasion, and metastasis. Here we
demonstrate that in conditions of elevated glucose, there is increased expression of key drug
resistance proteins (ABCB1, ABCG2, ERCC1, and XRCC1), all of which are regulated by the
Hedgehog pathway. In elevated glucose conditions, we determined that the Hedgehog pathway
transcription factors, GLI1 and GLI2, are modified by O-GIcNAcylation. This modification
functionally enhanced their transcriptional activity. The activity of GLI was enhanced when O-
GIcNAcase was inhibited, while inhibiting O-GIcNAc Transferase caused a decrease in GLI
activity. The metabolic impact of hyperglycemic conditions impinges on maintaining PKM2 in the
less active state that facilitates the availability of glycolytic intermediates for biosynthetic
pathways. Interestingly, under elevated glucose conditions, PKM2 directly influenced GLI activity.
Specifically, abrogating PKM2 expression caused a significant decline in GLI activity and
expression of drug resistance proteins. Cumulatively, our results suggest that elevated glucose
conditions upregulate chemoresistance through elevated transcriptional activity of the
Hedgehog/GLI pathway. Interfering in O-GIcNAcylation of the GLI transcription factors may be a
novel target in controlling cancer progression and drug resistance of breast cancer.
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Introduction

Breast cancer is the most commonly diagnosed cancer among women in the United States.
Efforts are being made to pinpoint factors that determine and dictate breast tumor
malignancy and metastasis. Complications such as diabetes provide increased mortality risk
due to the hyperinsulinemic and hyperglycemic state feeding a tumor (1-4). Energy
metabolism in cancer involves a shift away from mitochondrial oxidative phosphorylation to
less efficient glycolysis, necessitating greatly increased uptake of glucose. Increased glucose
uptake by cancer cells enables increased flux through the Hexosamine Biosynthesis Pathway
(HBP). Increased HBP flux and elevated UDP-GIcNAC is a general feature of cancer cells
that contributes to O-GIcNAcylation events (5, 6). The O-linked p-N-acetylglucosamine (O-
GIcNAc) monosaccharide is commonly found on Serine or Threonine residues in proteins.
O-GIcNAc may take part in a variety of important cellular functions such as aiding stem
cells in switching from totipotency to pluripotency, countering post-translational
modifications such as phosphorylation, aiding in the adjustment of permeability of the
nuclear pore, as well as many forms of disease-relevant signaling and the regulation of
enzymes. The addition of O-GIcNAc to proteins is catalyzed by O-GIcNAc transferase
(OGT) that transfers the GIcNAc moiety from the high-energy donor UDP-GIcNACc to
substrate proteins while O-GIcNAcase (OGA) catalyzes its removal (5). These processes are
restricted to the nuclear, mitochondrial, and cytoplasmic compartments of the cell. Also,
both OGT and OGA are necessary for cell survival, which further highlights the importance
of O-GIcNAcylation and the roles that these enzymes play in this process (7-9).

Increased O-GlcNAcylation is also known to be associated with cancer cells; elevated O-
GIcNAcylation is seen in several human malignancies including breast (10, 11), prostate
(12), lung (13), colorectal (13, 14), liver (15), and nonsolid cancers such as chronic
lymphocytic leukemia (16). Knockdown of OGT reduces cancer hyper-O-GIlcNAcylation
and inhibits transformed phenotypes, indicating that elevated O-GIcNAc contributes to
cancer progression (17). Cancer cell hyper-O-GIcNAcylation appears, in part, to contribute
to excessive growth through up-regulation of key proteins that drive cell cycle progression
such as Cyclin D1 and down-regulation of cell cycle inhibitory proteins such as p27/ir
(17). Suppression of GIcNAcylation in breast cancer cells leads to reversal of the Warburg
Effect by regulation of HIF-1a (18).

Breast cancer tissues and cell lines bear alterations in the levels of O-GIcNAcylated proteins
and levels of OGT and OGA. Immunohistochemical assessments have demonstrated
characteristically elevated O-GIcNAc modification in human breast tumor tissue compared
with adjacent normal tissue (10, 11, 19). Krzeslak et al., (20) demonstrated an increase in
OGT transcript levels with concomitant decrease in the OGA transcript levels in tumor
tissues relative to normal samples. This was confirmed in a separate study showing that
breast tumor tissues bear elevated levels of OGT and O-GIcNAc when compared with
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normal patient samples (21). Moreover, the increase in O-GIcNAc profile was concordant
with the histological grade of breast tumors. These attributes of O-GIcNAc modification and
elevated OGT levels are maintained in breast tumor cell lines (10). While a separate study
with a reduced sample size reported an increase in OGA activity with breast cancer tumor
grade (22), there is a cumulatively large body of data that supports increased O-
GlcNAcylation in breast cancer.

The Hedgehog (Hh) pathway, in mammalian cells, is classically initiated with the binding of
soluble, lipid-modified morphogens, Sonic Hedgehog (SHH), Indian Hedgehog (IHH), or
Desert Hedgehog (DHH) to the Patched (PTCH) receptors on the cell membrane. This
relieves the inhibitory effect of PTCH on Smoothened (SMO) causing activation of GLI
transcription factors. Targeting the Hh pathway has been one of the recent promising
strategies to combat breast cancer (23-26). In the present study, we report novel findings that
in conditions of elevated glucose, breast cancer cells demonstrate O-GlIcNAc modification of
GLI1 and GLI2 proteins that augments their transcriptional activity. The implications of our
study have important bearings on understanding the detrimental effect of hyperglycemic
conditions in cancer progression and drug resistance.

Materials and Methods

Cell Culture:

SUM1315 and SUM159 breast cancer cells (Asterand, Detroit, MI) were cultured in
DMEM/F12 (Life Technologies, Carlsbad, CA) supplemented with 5% fetal bovine serum
(FBS; Life Technologies), 10 pg/ml insulin (Sigma-Aldrich; St. Louis, MO), and either 10
ng/ml EGF (Sigma-Aldrich) or 1 pg/ml hydrocortisone, respectively. MDA-MB-468 breast
cancer cells were cultured in DMEM/F12 supplemented with 10% FBS. MDA-MB-231 and
MDA-MB-435 cells were cultured in DMEM/F12 supplemented with 5% FBS. All cells
were maintained in a humidified 5% CO, environment. For normal and high glucose
experiments, the cells were conditioned in either ~5mM or ~25 mM glucose containing
medium, respectively, for 5 passages.

Transient Transfectants:

MDA-MB-468 and MDA-MB-435 cells were transfected with Fugene6 (Promega; Madison,
WI1) following the manufacturer’s protocol. The various plasmids used for OGT/OGA
knock-in and knock-down were CMV-OGT+1042 for OGT knock-in (27), CMV-GFP-OGT-
DN-1433 for OGT knockdown (27), CMV-OGA+995 for OGA knock-in (28), and CMV-
OGA-DN-997 for OGA knockdown (28). CMV-GFP-979 was the control vector for all these
transient transfections. The plasmids were a kind gift from Prof. John C. Chatham and Dr.
Andrew Patterson at UAB. PKM2 silencing was achieved using 50nM non-targeting control
or PKM siRNA (Dharmacon ON-TARGETplus Human PKM siRNA SMARTpool, cat #
5315) transiently transfected using Lipofectamine2000. Where applicable, twenty-four hours
after transfection, media was changed to media containing DMSO or 10uM GANT61 or
25uM PUGNACc. Forty-eight hours post treatment, RNA was isolated. RTQ was done for
PKM2 to validate knockdown, and then RTQ was done for ABCB1, ABCG2, ERCCL, and
XRCC1 (TagMan, ThermoFisher).
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Small molecule inhibitors:

PUGNACc (Sigma-Aldrich; A7229), OSMI-1 (GLIXX Lab; Southborough, MA,;
GLXC-06077) and Thiamet-G (TOCRIS; Bristol, UK; 4390) were used in the study.

Western Blotting Analysis:

Whole cell lysates were collected in Nonidet P-40 lysis buffer (150 mM NaCl, 50 mM Tris,
1% Nonidet P-40). Isolation of cytosolic and nuclear fractions was done with an NE-PER kit
(Pierce; Rockford, IL) following the manufacturer’s protocol. Protein (30 ug) was resolved
by SDS-PAGE, transferred to polyvinylidene difluoride membranes, and immunoblotted
overnight at 4 °C with primary antibodies. The various primary antibodies used were
CTD110.6 (IgM, UAB), GLI1 (Cell Signaling; 2643), GLI2 (Boster Biological Technology;
Pleasanton, CA; PA1941), Histone H3 (Cell Signaling; 4499), OGA (Santa Cruz
Biotechnology; Dallas, TX; sc-376429), OGT (Sigma-Aldrich; 06264), PKM2 (Cell
Signaling; 4053), phospho-Y105-PKM2 (Cell Signaling; 3827), and RL2 (Abcam;
Cambridge, MA; ab2739). Alpha-tubulin (Cell Signaling; 12351) or beta-actin (Sigma-
Aldrich; A3854) was used to confirm equal loading. Anti-rabbit or anti-mouse HRP-
conjugated secondary antibody (GE Healthcare; Chicago, IL) was used for detection, and
blots were developed with either ECL or SuperSignal substrate (Pierce) and imaged on films
or Amersham Imager 600. The purity of cytosolic and nuclear fractions was confirmed with
beta-tubulin (2146; Cell Signaling) or histone deacetylase 1 (Cell Signaling; 2062)
antibodies, respectively. The depicted images are representative of experiments repeated at
least three times.

Co-immunoprecipitation:
Whole cell lysates (500ug) from SUM159 cells grown in normo- or hyperglycemic
conditions were immunoprecipitated with RL2 antibody and immunoblotted with GLI1 or
GLI2. In a reverse co-immunoprecipitation experiment, the lysate was immunoprecipitated
with GLI1 antibody and immunoblotted with the RL2 antibody. MDA-MB-468 cells
conditioned in normo or hyperglycemic conditions were transfected with pLNCX-myc-GLI11
(26). The cell lysates (500pg) were immunoprecipitated with GLI1 and immunoblotted for
O-GIcNAC detection. The results depicted are representative of experiments performed at
least three times.

Luciferase Assays:

Cells (25 X 103) were transfected with an 8X-GLI construct in pGL3 promoter plasmid as
described previously (29). Similarly, SUM1315 and SUM159 cells (25 x 103) were
transiently co-transfected with plasmids encoding a non-targeting (NT) control or shPKM2
and 8X-GLlI construct. Cells were cultured in either high (25mM) or normal (5mM) glucose
containing medium for 24 hours. Luciferase readings were normalized to total protein
content. Each parameter was studied in triplicate and the experiment repeated at least three
times. The data are represented as percent luciferase activity, which is derived as a percent of
the relative light units in treated groups compared with the untreated groups.
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Drug/Inhibitor Treatments:

Cells (10%) conditioned in high (25mM) or normal glucose (5SmM) media were seeded per
well of a 96-well plate. Twenty-four hours after plating, cells were treated with PUGNAC in
the presence or absence of GANTG61 (Tocris) or doxorubicin (Calbiochem, Billerica, MA) or
cisplatin (Sigma-Aldrich) as indicated. After treating for 48 hours, the medium was
removed, and fresh, serum-free medium containing MTS reagent (CellTiter 96 AQueous
One Solution Cell Proliferation Assay; Promega; Madison, WI) was added. The cells were
placed at 37°C/5%CO; for 3 hours to allow for color development. Spectrophotometric
readings were taken at 490 nm in a BioTek Eon plate reader. All assays were done in
triplicate and the experiment was repeated at least three times.

Quantitative RT-PCR (qRT-PCR):

RNA was harvested from cells grown in 10-cm plates using QIAGEN RNAeasy Mini Kit
(Hilden, Germany). cDNA was generated using High Capacity Reverse Transcriptase Kit
(Applied Biosystems; Foster City, CA). Real time PCR was performed using a StepOnePlus
Real-Time PCR System (Applied Biosystems). All reactions were done as three independent
replicates and repeated at least once. All assays were done using the TagMan Gene
Expression Assays from Applied Biosystems. The genes queried include GLI1, GLI2,
PTCH1, ABCB1, ABCG2, ERCC1 AND XRCCL1. Transcript levels were normalized to
endorse control gene beta-actin, using change in the CT values (ACT) to calculate changes
in respective expression (AACT).

Statistical Analysis:

Statistical differences between groups were assessed after applying the test per the mandates
of the experimental design using GraphPad Prism 4 software. Statistical significance was
determined if the analysis reached 95% confidence. The precise p values are listed in the
corresponding figure legends.

Results

Hyperglycemic conditions activate Hh/GLI signaling and enhance drug resistance.

Relative to normoglycemic conditions, high glucose levels significantly impact tumor cell
behavior, associating with increased cancer cell proliferation, invasion, and metastasis. We
conditioned MDA-MB-468 and SUM159 breast cancer cells in media containing
normoglycemic levels of glucose (5.5mM glucose) or hyperglycemic conditions (25mM
glucose). When these cells were treated with cisplatin or doxorubicin, the cells conditioned
to hyperglycemic conditions (HG) demonstrated a notable resistance to these drugs (Figures
1A-B). Both cells demonstrated significantly elevated levels of the two drug resistance
proteins, ABCB1 and ABCG2 in conditions of elevated glucose. The levels of DNA damage
repair genes, ERCC1 and XRCC1, were also upregulated in hyperglycemic conditions
(Figure 1C). A similar result was also evident in MDA-MB-231 breast cancer cells which
showed significantly increased expression of ABCG2, ERCC1, and XRCC1 (Supplementary
Figure S1A).
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We have previously demonstrated that Hh signaling functionally enhances drug resistance
(30, 31); whereas inhibiting Hh activity with the Smoothened inhibitor cyclopamine or with
RNA silencing significantly reduced expression of drug resistance and DNA repair proteins.
We assessed the activity of GLI in SUM1315, MDA-MB-468, and SUM159 cells. Relative
to normoglycemic conditions, cells conditioned in hyperglycemic conditions showed
increased GLI transcriptional activity (read as luciferase activity) (Figure 1D). Increased
GLI transcriptional activity is reflected in significantly increased levels of the bonafide GLI
transcriptional targets, GLI1, GLI2, and PTCH (Figure 1E and Supplementary Figure S1B)
in breast cancer cells.

O-GIcNAcylation of GLI proteins augments their activity.

We evaluated the levels and sub-cellular localization of the GLI proteins as a possible
explanation for their increased activity. In hyperglycemic conditions, we detected increased
nuclear presence of GLI1 and GLI2 in SUM159 and SUM1315 cells (Figure 2A). Moreover,
the protein levels of GLI1 and GLI2 were notably increased in SUM159 and SUM1315 cells
cultured in hyperglycemic conditions (Figure 2B). The increase in GLI levels corresponded
with an elevated expression of OGT and decreased expression of OGA in high glucose
conditions. This suggested a likelihood for higher cellular O-GIcNAcylation. Thus, we
assessed the cellular O-GIcNAc landscape and determined that in elevated glucose culture
conditions, breast cancer cells demonstrate an overall increase in O-GlcNAcylation (Figure
2C). In order to assess the possibility that GLI proteins may be O-GIcNAcylated, we
immunoprecipitated the lysate of SUM159 breast cancer cells with RL2 antibody
(recognizes O-GlIcNAcylated residues) and immunoblotted for GLI1 and GLI2. In
hyperglycemic conditions, GLI1 and GLI2 demonstrate evidence of being modified by O-
GlcNAcylation (Figure 2D; Supplementary Figure S2A). We also confirmed this by
immunoprecipitating endogenous GLI1 from SUM159 cells and assessed O-GIcNAc
modification with RL2 antibody (Figure 2E). In an independent approach, we transfected a
GLI1 expressing construct in MDA-MB-468 cells. When enriched by immunoprecipitation
and immunoblotted with RL2, GLI1 showed evidence of being O-GIcNAc-ylated in
hyperglycemic conditions (Figure 2E). In order to directly ascribe a role for O-GIcNAc-
modification, we treated SUM159 cells with OGA inhibitor Thiamet-G and enriched for
GLI1 and GLI2. Thiamet-G treatment resulted in greater signal intensity of O-GIcNAc-
ylated GLI1 and GLI2 affirming direct O-GIcNAc-ylation of GLI proteins (Supplementary
Figure S2B).

The protein sequences of GLI1 and GLI2 bear several potential sites of O-GIcNAc
modifications (http://www.cbs.dtu.dk/services/YinOYang/) at Serine and Threonine residues;
many of these sites are predicted to be at high threshold levels (Figure 3A-D). In order to
functionally assign a role for O-GIcNAc modifications of GLI, we used a plasmid-based
approach to regulate cellular O-GlcNAcylation. Introduction of the OGT-expressing and the
OGA-dominant negative (DN) constructs resulted in elevated cellular O-GIcNAcylation,
while expression of the OGA and OGT-DN constructs tempered the modifications in MDA-
MB-468 cells (Supplementary Figure S2C). Expression of OGT and OGA-DN resulted in a
significant increase in the transcriptional activity of GLI indicating that an increase in O-
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GlcNAcylation significantly impacts GLI activity while expression of OGA had modest
effects on reduction of GLI activity (Figure 3E).

Inhibiting OGT and OGA have opposing effects on GLI activity.

Thus far, our data demonstrate that GLI transcription factors are modified by O-
GlcNAcylation in hyperglycemic conditions; further enhanced cellular O-GIcNAc-ylation
significantly upregulates Hh/GLI activity. In order to assign mechanistic roles for OGT and
OGA in regulating GLI activity, we used small molecule inhibitors. OSMI-1 is a small
molecule OGT inhibitor developed from a high-throughput screening hit (32). Inhibition of
OGT with OSMI-1 (Supplementary Figure S3A) in MDA-MB-468 and SUM1315 cells
decreased GLI activity in a dose dependent manner indicating the importance of O-
GlcNAcylation mediated by OGT in the transcriptional activity of GLI proteins (Figure 4A).
Similar results were evident in SUM159 cells (Supplementary Figure 4A). Thiamet-G and
PUGNAC, both inhibitors of OGA (Supplementary Figures S3B and C), increased the
activity of GLI (Figure 4B and4C, Supplementary Figure 4B and4C). Elevated O-
GlIcNAcylation supports enhanced cell division (33, 34). As such, we assessed the effect of
inhibiting OGA on cell proliferation. Treatment with PUGNAc significantly increased
proliferation; this effect was notably reduced with the GLI inhibitor, GANT61 (Figure 4D).
In order to test the role of O-GIcNAcylation in impacting Hh/GLI activity leading to
augmentation of drug resistance, we evaluated SUM1315 cells in which we stably abrogated
GLI1 expression. These cells show significantly downregulated expression of drug
resistance proteins (Figure 4E) (30). Thiamet-G caused a notable upregulation in the
expression of all drug resistance proteins; however, GLI1-silenced cells were hindered in
their ability to upregulate expression of drug resistance proteins when treated with Thiamet-
G (Figure 4E). This suggests that Hh/GLI activity is critical for mediating the effects of
enhanced O-GIlcNAcylaton on cell proliferation and manifestation of multidrug resistance.

O-GIcNAcylation overcomes the inhibitory effects of limiting PKM2 on regulating GLI

activity.

The M2 isoform of pyruvate kinase enzyme (PKM2) is enriched in cancer cells and
functionally drives glycolysis. Post-translational modification of PKM2 including
acetylation, phosphorylation, and O-GIcNAcylation inhibits its activity enabling upstream
glycolytic intermediates to accumulate and thus contribute to the shift of metabolism
towards biosynthetic pathways, including HBP (35-37). In liver cancer, ablating PKM led to
a decrease in GLI expression in hepatocellular carcinoma cells (38). O-GIcNAc
modifications on PKM2 protein resulted in elevated cellular levels of PKM2 but decreased
PKM2-specific activity in colorectal carcinoma cells (Supplementary Figure S5A) (39).
With these compelling data, we evaluated the effects of normo and hyperglycemic culture
conditions on expression of PKM2 in breast cancer cells. While we did not register obvious
changes in the levels of PKM2 protein in cells cultured in hyperglycemic conditions, there
was a stark upregulation of PKM2 phosphorylated at Tyr105, a signature of inactive PKM2
(Figure 5A). As demonstrated earlier (Figure 2), these hyperglycemic conditions elicit
upregulated Hh/GLI transcriptional activity. In order to evaluate the effects of PKM2 on GLI
activity in hyperglycemic conditions, we silenced expression of endogenous PKM2. This
resulted in a significant reduction in protein levels of GLI1 (Figure 5B) concomitant with a
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decrease in GLI transcriptional activity (Figure 5C) and expression of markers of drug
resistance (Figure 5D), without impacting total cellular O-GlcNacylation (Supplementary
Figure S5B). In conditions of elevated glucose, PUGNACc caused an elevation in GLI
activity; PUGNACc was also able to partly overcome the effects of silencing PKM on GLI
activity (Figure 5E). This suggests that PKM2 and O-GlcNAcylation have significant effects
on regulating GLI activity. Enhanced O-GlcNAcylation overcomes the inhibitory effects of
limiting PKM2 on regulating GLI activity. Cumulatively, these data suggest that PKM2 and
O-GIcNAcylation jointly regulate the activity of Hh/GLI signaling.

Discussion

O-GIcNAcylation is considered a “rheostat” that controls the intensity of the signals
traveling through different pathways according to the nutritional status of the cell (40). O-
GIcNAc is a dynamic and ubiquitous posttranslational modification of serine and threonine
residues and is emerging as an important regulator of cellular processes such as cell
signaling, transcription, translation, apoptosis, cell proliferation and differentiation, among
others. Cancer cells are known to be highly glycolytic to meet the cancer cells increased
energy demands. In addition to increased glycolysis, elevated glucose uptake can also
facilitate increased glucose flux through the HBP resulting in increased levels of protein O-
GIcNAcylation. In addition an increase in OGT levels resulting from the PI3BK-mTOR/MYC
pathway facilitates the addition of more O-GIcNAc residues onto target proteins (11, 17).
Cells also tend to see an increase of glucose going through the HBP when oncogenes are
activated, and this trend is vital for cancer cell survival (12). This increased expression of O-
GIcNAc residues may serve as a marker in cancer cells and also may promote cancer cell
invasion and metastasis. Specifically, in breast cancer cells, the increase in OGT and
GIcNACc levels was shown to occur with AKT and mTOR activation (10). OGT also
functions to increase metastasis and cancer cell survival through decreasing SIRT1 levels
thereby enabling the activity of FOXM1 on tumor cell invasion and metastasis (41). Several
proteins that are known to be O-GlcNAcylated in breast cancer include but are not limited
to: Akt, C-Myc, E-cadherin, p27(kipl), and PKMZ2 (39). Importantly, O-GlcNAcylation also
has been demonstrated to enhance the activity of transcription factors in breast cancer
including p53, NF-xB p65, c-Rel, FOXM1 (10), HIF-1a, and Spl (8, 18, 42, 43).

In this study, we have demonstrated that GLI1 and GLI2 transcription factors of the Hh
pathway, are modified by O-GIcNAcylation. Elevated cellular O-GIcNAcylation, either by
upregulating OGT or by abrogating OGA, led to an increase in the activity of GLI. Further,
OSMI-1, a small molecule inhibitor of OGT, decreased GLI activity in stark contrast to
inhibition of OGA (with Thiamet-G or PUGNAC). Thus, GLI activity is profoundly affected
by O-GlcNAcylation. Under conditions of elevated glucose, the levels of GLI transcriptional
targets, ABCB1, ABCG2, ERCC1, and XRCC1, were significantly elevated and associated
with increased tumor cell survival in the presence of chemotherapeutic drugs. We focused
the current study on cells representing the triple-negative type of breast cancer, which are
characterized by exceptionally activated Hh signaling, lack of targeted therapy, and frequent
emergence of drug resistance (44, 45). Due to the lack of targeted therapy, triple-negative
breast cancer is usually administered cytotoxic chemotherapy including doxorubicin,
docetaxel, or cisplatin. Disease relapse is due to the evolution and selection of a drug
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resistant tumor cell population. Resistance to doxorubicin predominantly involves the ABC
proteins ABCB1, ABCC, and ABCG2 that act as ATP-dependent efflux pumps. Cisplatin
resistance is largely conferred by activity of the ERCC1-XPF heterodimer that repairs DNA
double-strand breaks. In breast cancer, increased ERCC1/XRCC1 expression indicates
worse prognosis (46-49).

Hyper-O-GIcNAcylation is reported to induce tolerance to cisplatin, tamoxifen, and the
P1-3-Kinase inhibitor Pictilisib (50-52). Modulation of cellular O-GIcNAc levels has been
linked to altered cellular development, mitotic progression, growth, and survival patterns
(53). Interestingly, we see that the increase in cell proliferation brought about by PUGNAC is
blunted when the activity of Hh/GLI is inhibited, suggesting that GLI activity is an
important determinant of the effects of cellular O-GIcNAc levels on cell growth. In this
process, we also discovered an essential role for PKM2 in regulating the functions of GLI.
PKM2 expression is critical in determining the glycolytic phenotype of cancer cells. PKM2
is expressed in tissues with anabolic functions, including proliferating cells and cancer cells,
and is subject to complex allosteric regulation. In the majority of cancer cells, the expression
of PKM2 is increased (32). Increased cellular O-GlcNAcylation is associated with a
decrease in pyruvate kinase activity (39). It has been proposed that hyper-O-GIcNAcylation
in cancer cells likely decreases PKMZ2 activity, which contributes to directing glycolytic
intermediates toward biosynthetic pathways (54). In addition to being an important control
point in glycolysis, PKM2 also modulates gene expression. PKM2 functions as a
transcription co-activator of HIF-1a, Oct-4, and B-catenin and vitally impacts epigenetic
regulation of gene transcription by phosphorylating Histone H3 (55, 56). While Hh/GLI
signaling upregulates the expression of PKM2 (57), PKM2 is reported to transcriptionally
activate GLI1 gene expression (38), thereby presenting a metabolically important feed-
forward loop. Our data reveal that in conditions of hyperglycemia, PKM2 is phosphorylated
at Y105, which is a signature of its existence in the inactive dimeric form. Phosphorylation
of PKM2 at Y105 is regulated by FGFRL1 activity (36). Thus, less active PKM2 channels the
metabolic flux to HBP, which increases O-GIcNAcylation. This is in agreement with the
overall increase in cellular O-GIcNAcylation that we see in conditions of elevated glucose.
Consistent with prior reports, abrogating cellular PKM2 significantly blunted the
transcriptional activity of GLI (38) and decreased the expression of drug resistance proteins.
While increased cellular O-GlcNAcylation by PUGNACc culminated in increased GLI
activity, the activity of PUGNACc was tempered when PKM was silenced, indicating that
PKM2 and O-GlcNAcylation jointly regulate the activity of Hh/GLI signaling.

The body of data presented in the current work indicates that under high glucose condition
there is an increase in O-GlcNAcylation which is likely sustained by the upregulation of the
mTOR pathway (with the removal of AMPK inhibition) (Supplementary Figure S5C).
Transcription factors GLI1 and GLI2 are O-GIcNAcylated in these conditions and this
modification functionally enhances their transcriptional activity. It is likely that simultaneous
nuclear localization of PKM2 in conditions of elevated glucose, as evidenced by its
phosphorylation at S37, not only sustains O-GlcNAcylation by increasing flux through HBP,
but also activates the GLI transcription factors (Supplementary Figure S5D).
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Hh signaling has been demonstrated by us and others to promote epithelial-mesenchymal-
transition (EMT) characterized by molecular alterations and enhanced invasion, migration,
and metastasis (26, 29, 58, 59). Many of the signature EMT proteins are modified by
glycans containing GIcNAc. This includes SNAIL, p-catenin, NF-xB, c-Myc, c/EBP, E-
cadherin, N-cadherin, Wnt ligands, Hh ligands, and FOXO1 (60). Inhibition of glucose
uptake and metabolism disabled the HBP pathway and suppressed known oncogenic
pathways resulting in phenotypic reversion in breast cancer cells in 3D assays (61). Thus,
inhibiting OGT and O-GIcNAcylation in cancer cells is likely to have beneficial outcomes,
particularly in cancer patients with diabetes or metabolic disease (62). Interfering in O-
GlcNAcylation of Hh transcription factors may be a novel target in controlling cancer
metabolism and progression and/or drug resistance of breast cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MDR multi-drug resistance
mTOR Mammalian Target of Rapamycin
NF-xB Nuclear Factor Kappa B
NG normoglycemic
OGA O-GIcNAcase
O-GIcNAC O-linked B-N-actylglucosamine
OGT O-GlcNAc transferase
PI13K Phosphatidylinositol-3-Kinase
PKM2 Pyruvate kinase muscle isozyme M2
PTB polypyrimidine-tract binding protein
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SMO Smoothened
SNAI1 Snail Family Transcriptional Repressor 1
XRCC1 X-Ray Repair Cross Complementing 1
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Figure 1. Breast cancer cellsdemonstrate drug resistance and dysregulated Hh signaling in
hyper glycemic conditions.

A, MDA-MB-468 cells show a decreased sensitivity to cisplatin (p=0.04 at 0.1uM; p=0.037
at 2.5uM) and doxorubicin (p=0.002 at 2.5uM; p=0.023 at 7.5uM) when conditioned in high
glucose as compared to normoglycemic media. B, SUM159 cells also show a decreased
sensitivity to cisplatin (p=0.017 for 20uM; p=0.009 for 30uM) and doxorubicin (p=0.01 for
20uM; p=0.001 for 30uM) when grown in high glucose versus normoglycemic media. C,
multi-drug-resistance (ABCB1 and ABCG2) and DNA-damage-repair (ERCC1 and
XRCC1) genes show increased expression in MDA-MB-468 (p<0.0001) and SUM159
(p=0.007 (ABCB1); p=0.01 (ABCG2); p=0.002 (ERCC1); p=0.003 (XRCC1)) cells grown
in high versus normal glucose. D, GLI activity is significantly upregulated in cells grown in
hyperglycemic medium relative to normoglycemic medium (p=0.004 (SUM1315); p=0.02
(468); p=0.0002 (SUM159)). £, Expression of GLI1, GLI2, and PTCHL is increased in cells
grown in hyperglycemic versus normoglycemic conditions (p<0.01 for all comparisons).
The unpaired t-test was used for analysis.

Lab Invest. Author manuscript; available in PMC 2019 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Das et al. Page 16
C
A 229 g g ¢ 9 9
130
e || — - GLH
250
1.0 37 1.0 22 130
1.0 11 1.0 1.7 55
55— . W a-tubulin 35
25
5 = | Histone3
= L
Cytosol 55 B-Actin
W SUMﬁgNuc Cytosol Nuc
SUM1315 468 SUM159 SUM1315 23
B 99 99 D . . _—
e PP I Py e 28 % &z 8 =
1,0_3 1.0 59 - 130—] 8 ']
130_" — .. GLI2 SE— -
10 45 10 32 IP-RL2:1B:GL1  gym150  IP: RL2; 1B: GLI2
-, E . =
mo_uld 0GT 5 e 2 o
10 15 10 1.1 2 ¢ F 2@ s 3
7 2 & 3 & 2 0o 3 o
OGA m = ﬂ.:l o e . m L m i 7]
130 —| | A
P TIET T 130— [~ R u IP: GLI: 1B: GLI1
55 — ; :
-Act — [Eh]
--l--—' Bfeen 130 - | '_1P:GL|1;|B:RL-2
SUM159  SUM1315 MDA-MB-468 SUM159

Figure 2. Hyperglycemic conditionsincrease cellular O-GIcNAcylation and promote nuclear
accumulation of GL1 transcription factor.

A, the activity of GLI1 and GLI2 are increased in high glucose versus normal glucose

conditioned cells as evidenced by their increased nuclear presence in high glucose

conditioned cells. Alpha-tubulin was used as a control for the cytosolic fraction, and HDAC1

or Histone H3 was used as a control for the nuclear fraction. B, levels of GLI1, GLI2, and

OGT are elevated in cells grown in high versus normal glucose while levels of OGA are

decreased in those cells. C, O-GIcNAcylation is increased in cells grown in high verses

normal glucose media across several cell lines. D, the levels of O-GIcNAcylated GLI1 and

GLI2 are increased in cells grown in high glucose. Lysates of SUM159 cells grown in

normal or high glucose conditions were immunoprecipitated (IP’d) with RL2 antibody

which detects O-GIcNACc residues. The IP’d proteins were immunoblotted for GLI1 or

GLI2. £, the signal for O-GIcNAcylated GLI1 is increased in cells cultured in high glucose
versus normal glucose conditions. Cell lysates were immunoprecipitated for GLI1, then
immunoblotted with RL2. Endogenous GLI1 was IP’d from SUM159 cells; whereas in
MDA-MB-468 cells, myc-GLI1 was transfected and IP’d. Both kinds of enrichments were
immunoblotted with RL2 antibody. The numbers beneath each panel in panels A, B, C
represent relative signal intensity (NG versus HG) normalized to endogenous control for
each panel.
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Figure 3. GLI transcription factors bear signatures of O-GIcNAcylation.
A and C, O-GlcNAcylated sites on GLI1 and GLI2 as predicted by YinOYang 1.2 Server.

Potential sites are indicated by the green lines. Green lines that cross the threshold, as
indicated by the wavy blue line, are predicted sites. B and D, the YinOYang prediction

algorithm suggests that these proteins will be notably O-GIcNAc modified as shown in the
schematics (15 of the 49 predicted O-GIcNAc sites in GLI1 and 19 out of 55 predicted O-

GIcNAC sites in GLI2 have a projected threshold of ++ or +++). £, 8X-GLI activity is

increased when OGT is knocked-in and OGA is knocked-out (p=0.03 (OGT) and p<0.0001
(OGA-DN)). The unpaired t-test was used for analysis.
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Figure 4. O-GlcNAcylation functionally regulatesthe activity of GLI.
A, 8X-GLI luciferase activity is decreased in a dose-dependent manner by treatment with

OSMI-1, an OGT inhibitor. DMSO was used as a control (p<0.0001 for all comparisons). B
and C, inhibiting OGA with Thiamet-G (p<0.0001 for all comparisons) or PUGNAc
((MDA-MB-468: p=0.003 (25uM); p<0.0001 (50uM). MDA-MB-435: p=0.004 (25uM);
p<0.0001 (50uM)) increases 8X-GLI activity in a dose dependent manner. DMSO was used
as a control for Thiamet-G and ethanol for PUGNAc. D, MDA-MB-468 cells treated with
PUGNAC show increased viability (p=0.04 for 25uM PUGNAC). This is reversed when the
cells are co-treated with PUGNAc and GANT61 (p=0.0087 for PUGNAC+GANT61). £,
SUM1315 cells stably transfected with a non-targeting shRNA control (NTC) or a GLI11-
silencing plasmid (shGLI1), were treated with DMSO (vehicle control) or Thiamet-G.
Thiamet-G upregulates transcript levels of the drug resistance proteins. GLI1 silencing
renders cells unable to respond to Thiamet-G as evidenced by decreased expression of drug
resistance proteins (*p<0.05). ANOVA was applied for data depicted in A and B and the
unpaired t-test was used for analysis of data in C-E.
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Figure 5. PKM 2 regulates Hh/Gli activity.
A, under high glucose conditions, the inactive form of PKM2, P-Y 105, is increased. B,

knocking-down PKM2 causes a decrease in protein levels of GLI1. The numbers beneath
each panel represent relative signal intensity (sh\Vec versus shPKM2) normalized to
respective loading control. C, knocking-down PKM2 also inhibits the activity of GLI as
shown by a decrease in activity of the 8X-GLI luciferase reporter (p=0.002 for SUM159;
p=0.004 for SUM1315). D, knocking down PKM2 in SUM159 cells decreases expression of
multi-drug-resistance (ABCB1 and ABCG2 (p=0.007)) and DNA-damage-repair (ERCC1
(p=0.04) and XRCC1 (p=0.005)) genes relative to control cells (transfected with non-
targeting control siRNA, NTC). £, the effect on GLI1 activity of knocking-down PKM2 is
reversed by the inhibition of OGA with PUGNACc (p<0.005 for all comparisons). The
unpaired t-test was used for analysis.
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