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Uronic acid pathway metabolites regulate mesenchymal transition
and invasiveness in lung adenocarcinoma
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Metastatic transition results in the greatest morbidity
and mortality in patients with cancer (1). Metastasis is a
step-wise process that results in local extravasation and
hematological dissemination of epithelial tumors (1).
Local extravasation involves remodeling extracellular
matrix (ECM) coupled with cellular invasion, a process
promoted by epithelial mesenchymal transition (EMT).
EMT is a complex cellular reprogramming event resulting
in dissolution of mucosal tight junctions, loss of apical-
basal polarity, reorganization of the cytoskeleton promoting
motility and secretion of ECM-modifying proteins (2,3).
In epithelial tumors, EMT is triggered by its local stromal
microenvironment, including inflammatory cytokines,
presence of hypoxia and secretion of epithelial growth
factors. Understanding the factors controlling EMT in
stem-ness, metastatic potential, chemotherapy resistance
and how EMT can be modulated to affect cancer metastasis
have been the focus of intense investigation.

Divided into two distinct classes of non-small carcinoma
(adenocarcinoma) and small cell carcinomas, lung cancer
is the leading cause of cancer deaths worldwide (4).
Cell transformation in non-small cell carcinoma is driven
by the KRAS oncogene; found in up to 25% of lung
adenocarcinomas. A hallmark of transformation is metabolic
reprogramming whose presence was initially discovered
by the finding that cancer cells have enhanced aerobic
glycolysis [known as the Warburg effect (5)]. More recently,
metabolic studies of Ras-oncogene driven cancers have
shown increased glucose flux and glucosamine metabolic
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activity directing enhanced nutrient acquisition (6).
Additionally, cancer cells are metabolically “adaptive”,
meaning they are able to respond, survive and grow in
nutrient poor and/or hypoxic conditions, providing survival
advantage. Metabolic reprogramming in metastatic cancers
disease has been thought to be a secondary adaptation
produced by selective pressure. New evidence indicates that
reprograming of glucose metabolism occurs at several levels
(Figure 1). Recent work has shown that EMT activates
the hexosamine biosynthetic pathway (HBP) and elevates
the level of UDP-N acetylglucosamine, an intermediate
required for N glycosylation, folding and secretion of
ECM proteins to maintain proteostasis. Experiments
inhibiting the rate-limiting enzyme of HBP indicate that
its activity is required for maintaining EMT (7). However,
the relationship between EMT-induced metabolic
reprogramming and cellular motility has not been fully
understood. Activation of HBP in EMT also induces an
aberrant cell surface glycosylation and O-GlcNAcylation
and modulates cell plasticity (8).

Using a pathway-focused siRNA-mediated knockdown
survey of 111 rate-limiting metabolic proteins in KRAS-
mutated A549 lung adenocarcinoma cells, Wang
et al. discovered that knockdown of UDP-glucose
6-dehydrogenase (UGDH) inhibits cellular motility (9).
UGDH is a single-copy NAD"-linked oxidoreductase
that is the rate-limiting enzyme in formation of UDP-
glucuronic acid (UDP-GIcUA), important in hyaluronan
and glycosaminoglycan (GAG) production. In repletion
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Figure 1 Reprogramming of glucose metabolism in epithelial
mesenchymal transition and potential biological functions. Glu,
glucose; G6P, glucose 6-phosphate; F6P, fructose 6-phosphate;
TCA, tricarboxylic acid; UGDH, UDP-glucose dehydrogenase;
UDP, uridine diphosphate; GlcUA, glucuronic acid; GlcNAc,
N-acetylglucosamine; ECM, extracellular matrix; GFPT1,

glutamine fructose-6-phosphate transaminase 1.

experiments of UGDH-silenced cells, UDP-GIcUA was
found to restore hyaluronan and GAG production, but
not cellular motility, separating downstream cell migration
from that of GAG synthesis. EM'T is multi-step cell-state
transition (10) whose terminal maintenance is controlled
by a SNAI1-ZEB autoregulatory feedback loop (11). Wang
et al. examined the abundance of SNAI1 in UGDH depleted
cells and discovered that SNAII expression was substantially
reduced. UDP-GIcUA repletion did not enhance the
expression of SNAI, but ectopic SNAI expression restored
migration in UGDH-depleted cells, indicating that the
loss of migration was mediated through SNAI1 and/or its
downstream regulatory pathway.

SNAII depletion in UGDH-silenced cells was not
from decreased SNAII transcription, but rather reduced
SNAII mRNA stability. Wang et 4l. examined the effect of
epidermal growth factor (EGF) stimulation on SNAI1 and
found that the EGF-triggered induction of SNAI1 mRNA
stability was not observed in UGDH-depleted cells. In a
series of experiments involving affinity-mass spectrometry
profiling, UGDH was found to associate with ELAV1/
HuR. ELAV1/HuR is an RNA-binding protein recognizing
adenylate uridylate rich elements (AREs) in the 3'UTR,
whose binding stabilizes mRNAs important in embryonic
stem cell differentiation, including MMP9 and TGFp1
mRNAs (Figure 2). Mutagenesis of the three AREs found in
the SNAIT mRNA 3'UTR resulted in the loss of ELAV1/
Hur binding and changes in SNAII mRNA stability. Wang
et al. demonstrate that the UGDH-ELAV1/Hur interaction
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Figure 2 Schematic model of the mechanism of HuR-regulated
tumor cell migration. Left panel, HuR stabilizes the mRNAs
of cell-migration-associated genes via a uronic acid pathway-
independent mechanism. Right panel, HuR reduces the SNAII
mRNA degradation via a uronic acid pathway-dependent
mechanism. Upon EGFR activation, phosphorylated UGDH
converts UDP-Glc into UDP-GIcUA and release HuR to bind
ARE and stabilize SNAI1 mRNA. Increased SNAIl mRNA
expression enhances the epithelial mesenchymal transition and
promotes cancer metastasis. UGDH, UDP-glucose dehydrogenase;
GIcUA, glucuronic acid; ARE, adenylate uridylate rich element;
UDP, uridine diphosphate.

was EGF-dependent, and the interaction was enriched in
the nucleus. Although EGF stimulation induced ELAV1/
Hur phosphorylation and this phosphorylation was required
for UGDH-ELAV1/Hur interaction, an oxidoreductase
mutation of UGDH was unable to confer SNAII stability.
Interestingly, the ELVA1/Hur RNA binding domain
bound both the precursor metabolite, UDP-Glc, and the
enzymatic product, UDP-GIcUA, of UGDH. The binding
of each metabolite occurs in apparently two different modes
involving distinct side-chain interactions. Because of these
different modes of binding, UDP-GLc is a more potent
inhibitor of ELAV1/Hur-SNAII ARE binding.

In a potentially translational application, metastatic
tumors were observed to have lower levels of UDP-GLc
than primary matched tumors. Moreover, supplementation
of UDP-Glec functions in a tumor suppressor role inhibiting
cellular motility in KRAS-driven A549 adenocarcinoma
cells. Additional experiments demonstrating the UGDH
interaction with ELAV1/Hur is phosphorylation-dependent
and not bridged by SNAI1 RNA were presented. The
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UGDH tyrosine phosphoacceptor site, Tyr-473, was
demonstrated to be EGF inducible in a mitogen activated
protein kinase-dependent manner. This phosphorylation
was functionally important because a Tyr-Glu [473] site
mutation of UGDH blocked its binding to ELVA1/Hur and
prevented SNAII mRNA stabilization (Figure 2). Clinical
correlation was established examining the abundance of
phospho-Y473 UGDH and SNAIL expression in 114 lung
cancer specimens. The levels of phospho-Y473 UGDH and
SNAIL protein were strongly correlated. Patients with high
levels of phospho-Y473 UGDH had a detectably lower
median survival in response to standard of care (radio- and
chemotherapy post-surgery).

These exciting, elegant and compelling studies
demonstrate an important relationship between UGDH,
mesenchymal transition and cellular motility in the
metastatic transition of lung adenocarcinoma. There are
several important implications of this work in EM'T biology
and translational implications.

The results of this study indicate that the cellular
motility response in EMT is downstream of SNAI1. SNAI
is a C2H2 zinc finger-containing transcription factor
that functions in normal development as a mesodermal
determinant. SNAI1 can function either as an activator or as
a repressor depending on promoter context and cell-specific
expression of repressor complexes. Ectopic expression of
SNALI in breast cancer cells induces mesenchymal transition
by inducing some 400 genes, and silencing some 300
genes. However, these data should be interpreted with the
understanding that protein complexes formed and gene
targets of many mesenchymal regulators are highly cell-
type specific (12). Genome-wide CHiP-Seq studies have
identified that a major activity of SNAI is to repress cellular
adhesion genes found in differentiated epithelial cells
(ECDH, claudins) (13). SNAIl-mediated gene silencing
is mediated by interactions of repressor proteins [histone
deacetylases (HDACs), DNA methylases] with its SNAG
(Snail/Slug, and Gfi-1) NH2 terminal domain (14). SNAI1
also activated mesenchymal gene expression programs
by recruiting activator complexes. Through this activity,
ectopic SNAII expression induces cellular motility and
promotes an anti-apoptotic state. The mechanisms for
induction of cell motility have not been fully explored;
direct targets of SNAI1 activation include small molecule
GTPases (13), important regulators of cytoskeletal
contraction, or the effect may be indirect. More work will
need to be done to understand the promoter-constrained
factors that determine whether SNAII functions as an
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activator or repressor, and what downstream targets control
cellular motility.

The effect of Ras-mediated oncogenic transformation
on metabolic pathways includes enhanced flux of glucose
and glutamine metabolism. Ras enhances glucose uptake
via enhanced expression of glucose transporter 1 (GLUTT)
and utilization by anabolic pathways (6). Ras also directs
glutamine carbon into biosynthetic, redox homeostasis and
cell growth pathways (15). On top of this background, we
now recognize complex metabolic adaptations occur in
the process of EMT. Importantly, these metabolic states
are not simply compensatory, but contribute directly to
distinct functions seen in the transition. The study of
Wang et al. indicate EGF induces upregulation of rate-
limiting proteins involved in UDP-GlcUA formation,
forming metabolic products that have allosteric effects
on RNA stability. We also have applied systems-level
perturbations to discover that EMT is also triggers the
HBP downstream of the unfolded protein response (UPR).
This process UDP-N-acetylglucosamine to enhance N
glycosylation of fibronectin (FN), promoting its post-
translational folding in the endoplasmic reticulum (ER) and
secretion to maintain proteostasis. Experiments inhibiting
the rate-limiting enzyme of HBP indicate that its activity is
required for maintaining EMT (7). Rate-limiting proteins
involved in GlcNAc formation are induced, altering
protein glycosylation. For example, FN is one of the most
highly upregulated proteins in TGFp-stimulated lung
epithelial cells entering EMT (7). Alternatively, glycated
FN interacts with integrin subunits, directing intracellular
pro-survival signaling. Interestingly, GlcNAc is also a post-
translational modification that competes with intracellular
phosphorylation. For example, GlcNAc modifies
phosphorylation of the master EMT regulator, RelA, and
the signaling pathways under its control (16). In this way,
the HBP and its effects maintain proteostasis are required
for sustained adaptation to the mesenchymal transition (7).

The complex transition of the EMT involves multiple
intermediate states involving transcriptional factor feedback
and feed-forward pathways producing “partial EMT
states” (10). Our understanding of these partial EMT
states in clinical disease is rudimentary. The stable EMT
phenotype has been studied through integrated systems
approaches (16-18). We know that the induction of the
core mesenchymal transcription factors, SNAI1-ZEB are
coordinately controlled at the level of transcription, RNA
stability, and protein stabilization. In response to TGFB
stimulation, SNAII and ZEB genes are transcriptionally
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activated by the RelA master regulator through a process
of transcriptional elongation involving the bromodomain
containing protein 4 (BRD4) (19) Perturbation of the SNALI
protein disrupts a microRNA autoregulatory feedback loop
that normally silences SNAI1-ZEB (11). The study of Wang
et al. provides additional information that intracellular
UDP-Glc is an important allosteric modulator of ELAV1/
Hur, affecting SNAII mRNA steady-state abundance. In
concert, the SNAII protein is also controlled by exogenous
cytokine stimulation that promotes additional transcription
and protein stabilization by RelA (20). This complex
and coordinate regulation results in highly inducible
SNAI1 expression through interactions with the stromal
microenvironment.

There is a substantial effect of the inflammatory
stromal environment on the mesenchymal transition and
metastatic behavior of epithelial carcinomas (21). Factors
released by cancer-associated fibroblasts include IL-6
cytokines signaling through STAT, upregulating TGFp
and promoting chemotherapy resistance. Of relevance here
ELAV1/Hur expression is inducible by cytokines, perhaps
providing one the mechanisms by which an inflammatory
stromal microenvironment triggers EMT.

Wang et al. provide evidence that enhanced expression of
pELAV1/Hur and SNAII cellular markers of mesenchymal
transition are associated with reduced survival in patients
with conventional treatment. These findings are consistent
with earlier studies that have identified more classical
markers of mesenchymal transition as markers for reduced
survival (22) and resistance to EGFR inhibitor therapy (23),
including VIM, SNAI1, ECDH and others in human non-
small cell cancers. The explanations for reduced survival
in patients with EMT signature positive cancers may be
related to enhanced motility and chemotherapy resistance
characteristic of the mesenchymal state. However, it is
important to keep in perspective that EMT induces resistance
to DNA damage, triggers stem-cell like behaviors (24)
and affects immune-modulatory activities (25). The relative
roles of enhanced motility, apoptosis resistance, stem cell-
like properties and immunomodulation have yet to be fully
understood.

Finally, the study by Wang suggests that targeting
the uronic pathway may hold promise in the reduction
of metastatic progression in lung adenocarcinoma. This
elegant mechanistic elucidation should be interpreted
with the perspective that unfortunately, most lung
cancers are diagnosed after metastatic dissemination has
already occurred. Advancing treatment of lung cancers by
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modifying the uronic pathway will need to be paired with
interventions that identify high risk patients with primary
adenocarcinoma before metastatic disease has occurred.
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