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UDP-glucose pyrophosphorylase 2 (UGP2), the enzyme that synthe-
sizes uridine diphosphate (UDP)-glucose, rests at the convergence of
multiple metabolic pathways, however, the role of UGP2 in tumor
maintenance and cancer metabolism remains unclear. Here, we
identify an important role for UGP2 in the maintenance of pan-
creatic ductal adenocarcinoma (PDAC) growth in both in vitro and in
vivo tumor models. We found that transcription of UGP2 is directly
regulated by the Yes-associated protein 1 (YAP)-TEA domain tran-
scription factor (TEAD) complex, identifying UGP2 as a bona fide
YAP target gene. Loss of UGP2 leads to decreased intracellular glyco-
gen levels and defects in N-glycosylation targets that are important
for the survival of PDAGs, including the epidermal growth factor
receptor (EGFR). These critical roles of UGP2 in cancer maintenance,
metabolism, and protein glycosylation may offer insights into thera-
peutic options for otherwise intractable PDACs.
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ancreatic ductal adenocarcinomas (PDACs) are mostly re-

fractory to existing therapies and show a high mortality rate
(1). As PDAC cells grow and proliferate to expand their biomass,
they must adapt to thrive in an increasingly dense, nutrient-limited,
and hypoxic tumor microenvironment. Cancer cells can adapt by
rewiring their metabolism via stimulating nutrient uptake pathways
and upregulating rate-limiting enzymes involved in anabolic path-
ways (2, 3). For example, the increase in glycolytic flux driven by
metabolic reprogramming has been shown to enhance cancer cell
survival (4, 5). Understanding the strategies used by cancer cells to
obtain a survival advantage can be used against these cells to
target metabolic pathways that can selectively inhibit the survival
or proliferation of cancer cells.

Glucose is well-known to be an essential nutrient in most types
of cells but, beyond its function as a nutrient, glucose is also a key
substrate in many anabolic pathways. The use of glucose in these
pathways depends on its activation to uridine diphosphate (UDP)-
glucose catalyzed by UDP-glucose pyrophosphorylase 2 (UGP2),
the only enzyme capable of converting glucose 1-phosphate to
UDP-glucose in mammalian cells (6). UGP2 is upregulated in
some cancers, including PDACs, and its expression is correlated
with an increased rate of progression and poor prognosis (7-11).
However, the direct role of UGP2 in growth and maintenance of
PDAC has not been explored and the mechanisms of regulation
and action of UGP2 remain unknown.

Here, we demonstrate that UGP2 is a key mediator required
for the survival and proliferation of PDAC cells in vitro and in vivo.
We identify the transcriptional regulator Yes-associated protein
1 (YAP) as an important upstream activator of UGP2 expression.
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We further characterize two regulatory functions of UGP2 in
PDAC cells: first, that UGP2 regulates glycogen synthesis which
impacts survival in nutrient-starved conditions and, second, that
UGP2 is critical for an array of protein N-glycosylation modifi-
cations, including regulation of key sites on the epidermal growth
factor receptor (EGFR) that lead to impaired downstream sig-
naling. These findings reveal metabolic pathways that are critical
for PDAC cells and provide potential clinical targets for further
investigation.

Significance

Pancreatic ductal adenocarcinoma (PDAC) is the most common
form of pancreatic cancer and is one of the most deadly cancer
types, with a 5-y survival rate below 10%. One reason for this
high mortality rate is that PDAC cells have an enhanced ability
to survive and proliferate despite existing in nutrient-deprived
environments. Understanding the metabolic rewiring that en-
ables nutrient scavenging and rapid metabolic processing of
PDAC cells can provide new strategies to develop effective
treatment options for this intractable disease. In this study,
convergent findings reveal that UGP2 has a central role in the
growth and metabolism of PDAC cells through the regulation
of glycogen synthesis and protein N-glycosylation, highlighting
therapeutic possibilities for this deadly cancer.
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Results

UGP2 Is Critical for PDAC Cell Survival and Proliferation In Vitro and In
Vivo. UGP2 is an important enzyme for multiple metabolic path-
ways in cells; however, it has not been well-studied for its role in
the survival or proliferation of cancer cells. We first sought to
examine whether UGP2 expression correlated with prognosis in
PDAC patients. We found that high expression of UGP2 corre-
lated with worse clinical prognosis in a panel of 177 PDAC patient
samples (12) (SI Appendix, Fig. S1A4). Multivariate analyses indi-
cated that UGP2 expression correlates strongly with poor prog-
nosis in PDAC tumors, particularly in early-phase and low-grade
tumors (SI Appendix, Fig. S1 B and C). To ascertain whether
UGP2 is functionally required for the survival and proliferation
of PDAC cells, UGP2 expression was depleted in multiple PDAC
cell lines (SI Appendix, Fig. S1D). Knockdown of UGP2 led to
significant growth inhibition in both two-dimensional (2D) and
three-dimensional (3D) culture conditions in Pancl and Suit2
(Fig. 1 4 and B and SI Appendix, Fig. S1 E and F). To further test
the extent to which UGP2 was required for tumor growth in vivo,
MiaPaca2 and Suit2 cell lines with stable knockdown of UGP2 or
empty vector controls were xenografted onto the opposite flanks
of nude mice. Knockdown of UGP2 halted tumor growth in both
MiaPaca2 and Suit2 xenografts over the course of several weeks
(Fig. 1C and SI Appendix, Fig. S1G) and displayed a reduced
end-point tumor size (SI Appendix, Fig. SIH). We further con-
firmed that tumors with knockdown of UGP2 expressed lower
UGP2 protein levels and displayed a reduced proliferative index
shown by Ki67 staining (Fig. 1D).

UGP2 Is a Target Gene of the YAP-TEAD Complex. Further pursuing
these indications that UGP2 is required for PDAC growth and
maintenance, we sought to understand how UGP2 expression is
regulated in these contexts. As the vast majority of PDACs ex-
hibit KRAS mutations and an elevated RAF-MEK-ERK path-
way, we first tested the association between mutant KRAS and
UGP2 expression. We found that enforced overexpression of the
oncogenic KRAS mutants G12D or G12V drives an increase in
messenger RNA (mRNA) and protein levels of UGP2 in the non-
tumorigenic cell line MCF10A (SI Appendix, Fig. S2 A and B).
Furthermore, these mutant KRAS-overexpressing cells were more
sensitive to UGP2 knockdown in both 2D and 3D culture con-
ditions (SI Appendix, Fig. S2 C-E). However, inhibition of the
RAF-MEK-ERK pathway by treatment with trametinib, a MEK
inhibitor, did not affect UGP2 expression (SI Appendix, Fig. S2F),
suggesting that UGP2 is regulated by a pathway independent of
RAF-MEK-ERK signaling downstream of KRAS.

In particular, YAP, a transcriptional coactivator, has been shown
to be required for PDAC progression in murine models (13). Similar
to UGP2, YAP expression is a negative prognostic marker in PDAC,
especially in early-phase tumors (S Appendix, Fig. S3 A-C). The
mRNA expression levels of YAP and UGP2 were also positively
correlated in a panel of 178 PDAC patient samples from The Cancer
Genome Atlas (SI Appendix, Fig. S3D). To further examine the re-
lationship between YAP and UGP2 in PDACs, immunohistochem-
istry was employed to probe a tissue microarray panel of 78 PDAC
patient samples. Protein levels of YAP and UGP2 showed sim-
ilar expression patterns and positively correlated with each other
through blinded scoring analysis (Fig. 2.4 and B). We then tested
whether YAP can directly regulate UGP2 expression in PDAC
cells. Knockdown of YAP in PDAC cells resulted in decreased
UGP2 mRNA and protein levels (Fig. 2 C and D and SI Appendix,
Fig. S3E), which was recapitulated by using multiple short hairpins
with different targeting sequences (SI Appendix, Fig. S3F). De-
pletion of YAP was also able to partially reverse UGP2 expression
induced by mutant KRAS in MCF10A cells (S Appendix, Fig.
S3G). Conversely, overexpression of YAP increased UGP2 ex-
pression in the nontumorigenic cell lines MCF10A and 293T

20f7 | PNAS
https:/doi.org/10.1073/pnas.2103592118

Suit2 2D B

A Panc1 2D Panc1 3D Suit2 3D
- -
©
100 1 1
2 30 80 2
c
3 3
3 60 £
> 20 £ 05 0.5
s 40 8
O 1 9
0 20 8§
s
0 $ N9 0 $ N9 0 $ N9 0 S 9
F VSV ® VSV F VSV & VSV
I I S S
PN EXES EXEN EXEEN
250 - MiaPaca2 * Suit2 .
— Vector — Vector
_ — shUGP2 1400 1 — shUGP2
g 20 % 1200
E 3
2 150 1 < 1000 -
5 5 800 1
o <] *
2 100 1 > 600
o o
5 E 400 -
= 50 =
200 1
0 T T T T 1 0 T T T 1
0 14 21 28 35 0 5 10 15 20
Time (days) Time (days)
D MiaPaca2 xenografts Suit2 xenografts
Vector shUGP2 Vector shUGP2
bl :
H&E
UGP2
Ki67 [
b
Fig. 1. UGP2 is critical for PDAC cell survival and proliferation in vitro and

in vivo. (A) Colony counts of Panc1 and Suit2 cells grown in two-dimensional
culture conditions for 10 d; n = 3; ***P < 0.001, ****P < 0.0001. (B) Relative
viability of Panc1 and Suit2 cells grown in three-dimensional culture condi-
tions for 14 d, measured by CellTiter-Glo; n = 4; ****P < 0.0001. (C) Tumor
volumes of MiaPaca2 and Suit2 cells with shUGP2 or empty vector control
xenografted on opposite flanks of nude mice; n = 5; *P < 0.05. Error bars
represent SEM. (D) Representative immunohistochemical staining of paired
opposite-flank tumors with shUGP2 or vector control at end point, stained as
indicated. H&E, hematoxylin and eosin. (Scale bars, 50 pm.)

(81 Appendix, Fig. S3 H and I). Introduction of the constitutively
active YAP 5SA mutant, in which five inhibitory phosphorylation
sites are removed (14), further increased UGP2 expression more
so than wild-type YAP, whereas the inactive dominant-negative S94A
mutant (15) suppressed UGP2 expression (SI Appendix, Fig. S31).
YAP is a transcriptional coactivator lacking intrinsic DNA-
binding domains and requires DNA-binding partners, such as TEA
domain transcription factor (TEAD) proteins, for transcriptional
activation (16, 17). To test whether the YAP-TEAD complex reg-
ulates UGP2 transcriptional expression by directly binding at the
UGP2 locus, chromatin immunoprecipitation sequencing (ChIP-seq)
was performed for YAP and TEADA4. As expected, high occupancy
of YAP-TEAD4 was observed at the promoters of well-established
YAP-TEAD binding sites including cellular communication net-
work factor 2 (CCN2) (15, 16) (SI Appendix, Fig. S3J). Further-
more, we observed binding of both YAP and TEAD4 at the UGP2
promoter region across biological replicates (Fig. 2E) and specific
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Fig. 2. UGP2 is a target gene of YAP. (A) Representative tissue microarray
images stained for YAP or UGP2. B-9, B-15, and G-11 indicate sample codes.
(B) Scoring of tissue microarrays containing 78 pancreatic ductal adenocar-
cinoma samples immunohistochemically stained for YAP or UGP2. +, ++, and
+++ represent combined scoring of automated area x intensity measure-
ments. ****P < 0.0001 by XZ test. (C) gPCR for UGP2 mRNA in Panc1, Mia-
Paca2, and Suit2 cells with shYAP or empty vector. ***P < 0.001, error bars
represent SEM. (D) Immunoblot on lysates from Panc1, MiaPaca2, and Suit2
cells stably expressing shYAP or empty vector, probed as indicated. (E) ChIP-
seq for YAP1 and TEAD4 at the UGP2 locus. (F) Targeted PCR using two sets
of primers (p1 and p2) in the UGP2 promoter region of Pancl cells after
cross-linking and pull-down assays using antibodies against either YAP,
TEADA4, or control immunoglobulin G (IgG). Fold enrichment is percent input
target gene/percent input actin. *P < 0.05, **P < 0.01, error bars represent
SEM.

binding of YAP and TEAD4 was confirmed using ChIP-qgPCR
primer pairs targeted to the UGP2 promoter (Fig. 2F). These re-
sults support a model wherein transcription of UGP2 is positively
regulated by direct binding of the YAP-TEAD complex to the
UGP2 locus.

Effects of UGP2 Loss on Glycogen Synthesis. As mentioned above,
UGP2 is an enzyme that generates UDP-glucose from glucose
1-phosphate. An important cellular process that utilizes UDP-
glucose as a direct precursor is glycogen synthesis (18). Glycogen
is a multibranched polysaccharide that serves as an important form
of energy for proliferating cancer cells, especially in low-glucose or
hypoxic conditions (19, 20). In fact, hypoxic conditions have been
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shown to increase glycogen levels (21), UGP2 expression (22),
and YAP activity (23). In accordance with these results, we found
that knockdown of YAP, which decreases UGP2 expression, led to
a decrease in intracellular UDP-glucose and glycogen levels in
PDAC cells (Fig. 3 4 and B). Conversely, the overexpression of
YAP or mutant KRAS G12D and G12V led to increased intra-
cellular glycogen levels in MCF10A cells (SI Appendix, Fig. S4). To
investigate the effect of UGP2 on cell survival in response to
glucose starvation, we assessed the viability of UGP2-depleted
Pancl cells in standard tissue-culture media with 25 mM glucose
or reduced glucose concentrations of 2.5, 0.25, or 0 mM. Knock-
down of UGP2 caused a stronger growth inhibitory effect in the
low-glucose conditions (Fig. 3C). Furthermore, the supplemen-
tation of UDP-glucose rescued proliferation of UGP2-depleted
cells but not control cells in different concentrations of glucose,
including 25, 2.5, 0.25, and 0 mM (Fig. 3C). These data suggest
that loss of UGP2 creates a scarcity of UDP-glucose that inhibits
survival in low-glucose contexts.

UGP2 Regulates Protein Glycosylation in PDAC Cells. Another prominent
pathway that uses UDP-glucose as a substrate is the asparagine (N)-
linked glycosylation pathway (24). As the specific modifications that
UGP2 regulates in PDAC cells have not been previously eluci-
dated, we performed unbiased global N-glycoproteomic analysis
of all asparagine-linked glycan modifications in Suit2 cells fol-
lowing 48 h of UGP2 knockdown using small interfering RNA
(siRNA) (SI Appendix, Fig. S5A4). A large-scale decrease in glycan
modifications was observed relative to cells treated with scrambled
siRNA controls (Fig. 44). Knockdown of UGP2 significantly de-
creased the incidence of 141 N-glycosylation modifications spread
across 89 proteins (SI Appendix, Table S1). Total global proteo-
mics, performed in parallel, revealed that the vast majority of the
observed decreases in N-glycosylation were not explained by cor-
responding changes in total protein levels (ST Appendix, Fig. S5 B
and C and Table S1) or global changes in the relative frequency of
glycan-chain architectures (SI Appendix, Fig. S5D). Thus, UGP2
knockdown in PDAC cells rapidly reduces N-glycosylation modifi-
cations in a distinctive constellation of sites across multiple proteins.

Of the 89 proteins with N-glycan modifications significantly
regulated by UGP2, EGFR was among the top proteins whose
N-glycan modifications were most frequently and consistently
decreased upon knockdown of UGP2. EGFR is a membrane-
embedded growth factor receptor whose activation leads to signaling
through the RAS-RAF-MEK-ERK growth axis, upon which many
PDAC: are dependent. N-glycosylation of EGFR is required for its
trafficking, efficient ligand binding, protein stability, and receptor
activation (25). We identified a UGP2-regulated N-glycosylation site
on the extracellular ligand-binding domain of EGFR at Asn361,
where three different N-glycan modifications were significantly
decreased by knockdown of UGP2 (Fig. 4B). Decrease of an ad-
ditional N-glycan modification to EGFR was observed at Asn528,
although the UGP2-induced change did not reach statistical sig-
nificance at this alternate site (SI Appendix, Fig. SSE). While the
amount of total EGFR protein remained stable upon transient
48-h siRNA-based perturbation of UGP2 (SI Appendix, Fig. S5F),
immunoblots for EGFR in cells with long-term stable short hairpin
RNA (shRNA) knockdown of UGP2 showed a decrease in total
EGEFR protein (SI Appendix, Fig. S5G). Similarly, in the majority
of xenografted tumors, knockdown of UGP2 resulted in decreased
EGFR protein as shown in both immunoblots of tumor lysates and
immunohistochemistry on tumor sections (Fig. 4C and SI Appen-
dix, Fig. S5H). These data suggest that UGP2 loss leads to de-
creases in N-glycosylation of multiple proteins including EGFR.
Furthermore, phosphorylation of established EGFR targets GAB1
(26) and PLCy (27) was decreased in cells with UGP2 knock-
down and this effect was ablated by pretreatment with the EGFR
inhibitor gefitinib (Fig. 4D and SI Appendix, Fig. S5I). Thus, loss
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0.001. Error bars represent SEM. (C) Relative viability of Panc1 cells with vector control or shUGP2 grown with or without 100 uM UDP-glucose for 7 d. *P <

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

of UGP2 can regulate EGFR expression and downstream biological
signaling.

Discussion

PDAC:S are extremely intractable solid tumors that experience a
hypoxic and nutrient-deprived microenvironment and often un-
dergo a metabolic switch to support increased glycolytic flux for
their growth (28). These differential metabolic settings may pro-
vide novel opportunities to selectively target cancers via their
metabolic pathways. For example, L-asparaginase, an enzyme that
induces asparagine deprivation, has been successfully used to treat
acute lymphoblastic leukemia and is now undergoing clinical
trials for PDAC (28). An emerging paradigm in the field of cancer
metabolism is that the network of metabolic reactions, once con-
sidered separate from other cellular networks, is in fact closely
integrated with key oncogenic signaling pathways. How metab-
olism is reprogrammed in cancers and how to exploit metabolic
changes, such as rate-limiting pathways or metabolites, for thera-
peutic benefit are leading questions in the field. Additionally, the
catalytic nature of enzymes involved in metabolic pathways makes
them amenable for small-molecule targeting.

Employing in vitro 2D and 3D models as well as in vivo tumor
xenograft models, we identified UGP?2 as a regulator of glycogen
synthesis and protein N-glycosylation that is critical for PDAC
cell growth, exposing a vulnerability that could be exploited for ther-
apeutic interventions. While embryonic deletion of UGP2 is predicted
to be lethal in mice (29), the involvement of UGP2 in genetic
disease suggests that loss of UGP2 function may be tolerable in
specific postnatal tissues (30). Furthermore, we identified the YAP-
TEAD complex as an important transcriptional regulator of UGP2
expression in PDAC. YAP, a bona fide oncogene, has recently
been identified as an essential mediator of oncogenic KRAS sig-
naling during PDAC progression (13) as well as a marker for poor
prognosis in PDAC patients (31). YAP can compensate for the
inactivation of oncogenic KRAS in several cancer types (32, 33),
suggesting interplay between these major signaling pathways. Down-
stream target genes of YAP include cyclins and growth factors that are
involved in proliferation, but YAP activation also induces stem
cell properties, drug resistance, and metastasis, suggesting the pres-
ence of additional targets that may affect various cellular processes.
Data shown in this study provide potential mechanisms for UGP2 as
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an effector of YAP activity to regulate growth and metabolism in
PDAC cells. However, observations showing that almost complete
YAP depletion leads to only a partial down-regulation of UGP2
expression suggest that there may be additional UGP2 regulators
in PDAC cells and this will be of interest for future studies.

An intriguing question is how ubiquitous UGP2 dependency is
across different cancer types. In the Dependency Map (DepMap)
portal (34, 35), cell lines from multiple tissue types display a de-
pendency on UGP?2 for their growth, suggesting that the require-
ment for UGP2 may extend beyond PDACs. In fact, UGP2 was
observed to be persistently upregulated both at the mRNA and
protein levels with increased metastatic potential and was found to
play an essential role in promoting migration and metastasis in
hepatocellular carcinoma cells (11). However, in the case of lung
cancer, UDP-glucose has been shown to impair metastasis through
the regulation of Snail, an epithelial-mesenchymal transition factor
(36). Interestingly, UGP2 is codependent with multiple genes
which have a role in protein glycosylation, including phosphogluco-
mutase 3, phosphomannomutase 2, and mannose phosphate isom-
erase, highlighting the biological complexity of this pathway.

The product of UGP2, UDP-glucose, can act as a substrate for
multiple metabolic pathways, such as glycogen synthesis and pro-
tein N-glycosylation (37). UGP2 synthesizes UDP-glucose from
glucose 1-phosphate, converted from the glycolytic intermediate
glucose 6-phosphate, and is the sole enzyme responsible for this
reaction in mammalian cells. UDP-glucose can then be incorpo-
rated into branch particles to form glycogen and the reverse pro-
cess can occur rapidly to be utilized as fuel in cells. PDACs are
known to exist in severe hypoxic and nutrient-deprived conditions,
and restrained glycogen breakdown by glycogen phosphorylase in-
hibitor treatment was shown to inhibit proliferation and induce
apoptosis in PDAC cells (38). Similarly, we observed that cells
with UGP2 knockdown showed worse survival in low-glucose
conditions compared with control cells and that their prolifera-
tion could be rescued by the supplementation of UDP-glucose.
These data suggest that the availability of UDP-glucose, through
UGP2 activity, is a limiting factor for the survival and proliferation
of PDAC cells.

Unbiased global N-glycoproteomics identified 89 proteins with
N-glycosylation sites significantly reduced by knockdown of UGP2
in PDAC cells and understanding which of these posttranslational
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Fig. 4. UGP2 regulates N-glycan modifications on proteins including EGFR.
(A) Unbiased quantitative N-glycoproteomic analysis identified changes in
protein modifications in Suit2 cells upon knockdown of UGP2 relative to
nontargeting control siRNAs at 48 h; red dots represent modifications on
EGFR. (B) Quantification of glycan modifications on EGFR Asn361 in Suit2
cells with siUGP2 or nontargeting control siRNAs at 48 h. *P < 0.05. Blue
squares represent N-acetylglucosamines; green circles represent mannoses,
error bars represent SEM. (C) Immunoblot of MiaPaca2 and Suit2 xenograft
end-point tumor lysates, probed as indicated. (D) Immunoblot of Panc1 cells
stably expressing shUGP2-1, shUGP2-2, or empty vector, pretreated with 10
uM gefitinib for 1 h and/or stimulated with 100 ng/mL EGF for 10 min,
probed as indicated.

modifications are functionally significant remains an important
step for subsequent studies. UGP2 loss led to decreased glyco-
sylation of several proteins with well-established roles in PDAC
biology, such as EGFR (SI Appendix, Table S1). Depletion of
UGP?2 also led to a subsequent decrease in total EGFR protein,
which some PDAC cell lines depend upon for growth (34, 35),
although the exact mechanism by which this decrease occurred re-
mains unclear. UGP2 depletion also impaired downstream EGFR
signaling, indicating that these glycosylation moieties may regulate
EGFR function. As differential glycosylation can drive changes in
protein behaviors including degradation, localization, and signaling
(39), glycan modifications may be important for promoting EGFR
stability or inhibiting its degradation. Also, the proximity of Asn361
to the ligand-binding site suggests that the UGP2-regulated EGFR
modifications could affect the ability of EGF ligands to bind and
initiate downstream signaling cascades. The role of UGP2 in cancer
progression in vivo warrants further investigation as an intrinsic
mechanism and as a node for discovery of novel pharmacological
interventions.

Materials and Methods

Tissue Culture and Xenografts. All cell lines were confirmed by short tandem
repeat analysis and were regularly screened for mycoplasma. Panc1, MiaPaca2,
Suit2, and HEK293T were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen) with 10% fetal bovine serum (Atlanta Biologicals).
MCF10A cells were grown in DMEM/F12 (Invitrogen) supplemented with 5%
horse serum (Invitrogen), 20 ng/mL EGF (PeproTech), 0.5 mg/mL hydrocorti-
sone (Sigma), 100 ng/mL cholera toxin (Sigma), and 10 pg/mL insulin (Sigma).
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Prior to experiments, 2 pg/mL puromycin (Invitrogen; A11138-02) was used
to select for enhanced green fluorescent protein or KRAS G12D or G12V.
Blasticidin (Fisher; AAJ61883WDL) (4 pg/mL) was used to select for the shRNA
of interest or the empty vector pLKO. Three-dimensional cultures were
seeded using 20% Matrigel (Corning; 354234) on low-attachment 96-well
plates (Corning; 3474) for 2 wk. Cell viability was measured using the CellTiter-
Glo luminescent cell-viability assay (Promega; G7570). Cellular glycogen was
measured using the Glycogen Assay Kit (Abcam; ab65620). Metabolomics
including UDP-glucose levels were measured by the Precision Metabolomics
liguid chromatography—-mass spectrometry (LC-MS) global metabolomics
platform (Metabolon).

For each cell ling, five nude mice (NCr-Foxn1nu from Taconic) were injected
with 3 million cells expressing either LKO or shUGP2 resuspended in 70%
phosphate-buffered saline (PBS), 30% Matrigel on opposite flanks. Subse-
quent tumors were monitored by caliper two or three times per week be-
ginning 1 d after injection. Sample sizes required for statistically meaningful
results were determined based on standards in the field and minimization of
animal use. All animal studies and end points were consistent with University
of California San Francisco (UCSF) Institutional Animal Care and Use Com-
mittee guidelines. At end point, tumors were weighed and cut into portions
that were snap-frozen for immunoblots or fixed for histology using 24 h of
immersion in 10% neutral buffered formalin. Tumor lysates were prepared
using a Fisher PowerGen homogenizer for 30 to 60 s in cell lysis buffer (20 mM
Tris, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 1 mM ethylenediaminetetraacetic
acid, 1 mM ethylene glycol tetraacetic acid, 10% glycerol, 50 mM NaF, 5 mM
NaPPl, 1 mM phenylmethanesulfonyl fluoride, 0.5 mM dithiothreitol [DTT],
PPase inhibitor, protease inhibitor). Lysates were incubated on ice for 30 min
and spun at 13,000 rpm at 4 °C; then the supernatants were frozen at —80 °C
for immunoblot applications.

Immunoblots and Immunohistochemistry. Lysates were diluted with 4x
NuPage buffer and run on Invitrogen NuPage 4 to 12% Bis-Tris gels. The
antibodies employed were KRAS (Sigma; 3B10-2F2), UGP2 (Santa Cruz Bio-
technology; sc-377089), YAP (Cell Signaling; 14074), EGFR (Cell Signaling;
4267), p-PLCy (Cell Signaling; 3233), p-GAB1 (Cell Signaling; 3234), and B-ACTIN
(Sigma; A5441). Immunohistochemistry of xenografts was performed by
HistoWiz using antibodies against EGFR (EP38Y) and UGP2 (Santa Cruz
Biotechnology; sc-377089; 1:200). Immunohistochemistry of historic deidentified
PDAC samples used antibodies against YAP1 (Cell Signaling; 14074) and UGP2
(Santa Cruz Biotechnology; sc-377089). To analyze tissue microarray staining,
blinded data extraction for mean intensity and percent area was conducted
using inForm software from PerkinElmer. Normalization and y? statistical
analysis were conducted using Matlab.

RNA Interference. shRNAs targeting YAP and UGP2 were purchased from
Sigma. The shRNA constructs were packaged as lentiviruses using third-
generation packaging systems with standard protocols. The YAP shRNA se-
quences were 5'-CCCAGTTAAATGTTCACCAAT-3’ (TRCN0000107265) and 5'-
GCCACCAAGCTAGATAAAGAA-3’ (TRCN0000107266). The UGP2 shRNA se-
quences were 5'-CCACAGCATCATCACATGAAT-3’ (TRCN0000037840) and 5'-
GCTAGTTTCTTACAATGAAAT-3’' (TRCN0000435330). For siRNA experiments,
Suit2 cells were grown in 2D culture on 15-cm plates (Corning; 430599) and
transfected with pools of nontargeting siCtrl or siUGP2. siRNAs in the control
nontargeting pool (D-001810-10-05) and UGP2 ON-TARGETplus SMARTpool
(L-007739-00-0050) were purchased from Dharmacon. The UGP2 siRNA se-
quences in the pool were 5-GAGCUAGAAUUAUCUGUGA-3’, 5-UAGCAA-
AGGACGUGUCUUA-3’, 5-ACAAACAACCUAUGGAUUU-3’, and 5-UAAUAU-
AUCUUCCGUGUUG-3'. Transfections were performed using DharmaFECT 1
Transfection Reagents (Dharmacon; T-2001). After 48 h, triplicate cell pellets
were washed twice in PBS, harvested, counted, pelleted, and frozen in ~10
million cell aliquots for downstream immunoblot, N-glycomic, N-glycoproteomic,
and total proteomic analyses.

Chromatin Immunoprecipitation. Five million cells were seeded on 10-cm
plates in triplicate. Cross-linking was performed by adding 37% (weight/
volume [vol]) formaldehyde to a final concentration of 1.42% dropwise to
the plate at room temperature. Cells were incubated with rotation for
15 min at room temperature. Then the formaldehyde was quenched with
ice-cold 125 mM glycine for 5 min at room temperature. Cells were scraped,
washed twice in ice-cold PBS, and frozen on dry ice. Pellets were resus-
pended in 1 mL ChIP buffer (330 pL Triton buffer + 660 pL sodium dodecyl
sulfate buffer + 10 uL protease inhibitor). Global ChIP-seq and UGP2 pro-
moter ChIP-PCR were performed using antibodies against YAP1 (Novus Bi-
ologicals; NB110-58358) and TEAD4 (Abcam; ab58310). ChIP-PCR was
performed with two independent sets of PCR primers targeting the UGP2
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locus: forward primer 5-AGAGGTTGGTGGGTGGTTTG-3' reverse primer 5'-
ATACGCGTCTGGAACGTCA-3’; forward primer 5-TTGTGTGTACGTGGTTTG-
CG-3/, reverse primer 5-AATGACCTCCAGCTTCTTCGG-3'.

Glycomics, Glycoproteomics, and Total Proteomics. Cell-membrane extraction
methods were applied as previously described with slight modifications
(40-42). Cell pellets were resuspended in a homogenization buffer containing
20 mM Hepes (pH 7.4), 0.25 M sucrose, and 1:100 protease inhibitors
(Calbiochem/EMD Chemicals). Cells were lysed with five alternating on and off
pulses in 5- and 10-s intervals using a probe sonicator (Qsonica) followed by
centrifugation at 2,000 x g for 10 min and ultracentrifugation at 200,000 x g
for 45 min at 4 °C. Pellets were resuspended in 500 uL of 0.2 M Na,COs; and
500 pL of water followed by two additional ultracentrifugations at 200,000 x g
for 45 min at 4 °C. For protein digestion, the cell-membrane fractions were
reconstituted in 60 pL of 8 M urea and sonicated for 10 min to homogenize the
pellet (40-42). To further the denaturing process, 2 uL DTT was added to each
sample and incubated for 50 min at 55 °C, followed by the addition of 4 pL
iodoacetamide for 20 min at room temperature in the dark. Ammonium bi-
carbonate (NH4HCO3) (420 pL) solution was added to adjust the pH and 2 pg of
trypsin for protein digestion was added for 18 h at 37 °C. Peptides were
desalted by solid-phase extraction (SPE) with C18 cartridges (Sigma) containing
500 mg of materials for proteomic analysis or enriched by SPE using iSPE-HILIC
cartridges (The Nest Group) for glycopeptide analysis. Samples were dried in
vacuo using a miVac (SP Scientific).

Glycopeptide samples were reconstituted in 10 pL of Nanopure water
prior to injection onto a Nanospray Flex ion source Orbitrap Fusion Lumos
Tribrid mass spectrometer coupled with an UltiMate WPS-3000RS nanolLC
980 System (Thermo Fisher Scientific) conducted with a binary gradient system
where solvent A was composed of 0.1% (vol/vol) formic acid and solvent B was
composed of 80% (vol/vol) acetonitrile (43). Samples were separated on an
Acclaim PepMap 100 C18 LC column (3 pm, 0.075 x 150 mm; Thermo Fisher
Scientific) with the following gradient sequence for separation: 0 to 5 min, 4%
B; 5to 133 min, 4 to 32% B; 133 to 152 min, 32 to 48% B; 152 to 155 min, 48 to
100% B; 155 to 170 min, 100% B; 170 to 171 min, 100 to 4% B; 171 to 180 min,
4% B. Data acquisition was performed with a mass range of m/z 700 to 2,000
in positive-ionization mode. lonization spray voltage was set to 1.8 kV with a
275 °C ion transfer capillary temperature. Precursor ions were subjected to
stepped higher-energy C trap dissociation (30 + 10%) applied to obtain tan-
dem MS/MS spectra with a minimum mass range set at 120 m/z. Proteomic
samples were reconstituted to 60 pL and analysis was performed on the same
instrument with the following gradient sequence for separation: 0 to 5 min,
4% B; 5 to 90 min, 4 to 47% B; 90 to 100 min, 47 to 70% B; 100 to 100.5 min, 70
to 100% B; 100.5 to 115.5 min, 100% B; 115.5 to 116 min, 100 to 4% B; 116 to
130 min, 4% B.

Raw files from the glycoproteomic and proteomic analysis were identified
from a UniProt FASTA database using Byonic and Byologic software (Protein
Metrics) (43). Search parameters were set with a precursor mass tolerance of
10 parts per million (ppm) and quadrupole time-of-flight/higher-energy
collisional dissociation (Q-TOF/HCD) fragmentation with mass tolerance of
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20 ppm. Fixed modification was assigned to carbamidomethylation at cys-
teine. Variable modification of deamidated amino acids were assigned to
asparagine and glutamine, methylation of lysine and arginine.

Cell-membrane fractions were reconstituted in 100 pL of 100 mM
NH4HCO3 with 5 mM DTT (44). Samples were heated for 1 min at 100 °C
followed by the addition of 2 uL peptide N-glycosidase F (New England
Biolabs) to release the N-glycans. Samples were then incubated in a micro-
wave reactor (CEM) at 20 W, 37 °C for 10 min. The resulting solutions were
incubated in a 37 °C water bath for 18 h. Ultracentrifugation at 200,000 x g
for 45 min was performed to isolate the N-glycan fractions from the protein
precipitates. N-glycans were purified using a porous graphitic carbon (PGC)
96-well SPE plate. Samples were dried in vacuo using a miVac (SP Scientific).

N-glycan samples were reconstituted in 60 pL of Nanopure water prior to
injection onto an Agilent 6520 Accurate Mass Q-TOF LC-MS System coupled
to a PGC nanochip. N-glycan separation was conducted with a binary solvent
system where solvent A was composed of 0.1% (vol/vol) formic acid and 3%
(volivol) acetonitrile and solvent B was composed of 1% (vol/vol) formic acid
and 90% (vol/vol) acetonitrile. The gradient sequence for separation was
0 to 2 min, 3% B; 2 to 20 min, 3 to 16% B; 20 to 40 min, 16 to 72% B; 40 to
42 min, 72 to 100% B; 42 to 52 min, 100% B; 52 to 54 min, 100 to 0% B; 54 to
65 min, 3% B with a constant flow rate of 300 nL-min~". Spectra were col-
lected every 1.5 s in positive-mode ionization with a mass range of m/z 600
to 2,000. The top five most abundant precursor ions in each MS1 spectrum
were subjected to collision-induced dissociation fragmentation. The collision
equation is Veoliision = 1.8 X (M/2)/100 V — 2.4 V. Data were analyzed using the
MassHunter Qualitative Analysis BO8 software (Agilent) Find by Molecular
Feature function with a mass tolerance of 20 ppm. N-glycans were identified
based on an in-house library with accurate mass. Relative abundances were
determined based on integrated peak areas for each glycan composition
and normalized to the summed peak areas of all detected glycans.

Data Availability. All study data reported in this article are included in the
main text and/or S/ Appendix.
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