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ABSTRACT
Gap junctions, comprised of connexin proteins, are essential for direct
intercellular electrical, metabolic, and immunological coupling. Connexin43 (Cx43, gene
name GJA1) is the most ubiquitously expressed gap junction protein, and Cx43 gap
junctions are altered in pathological states including cardiac disease and cancer. The
GJA1 mRNA undergoes alternative translation initiation to yield a truncated Cx43
isoform, GJA1-20k, that can regulate gap junction formation. Using epithelialmesenchymal transition (EMT) as a cellular model of gap junction remodeling, we have
demonstrated altered translation initiation of Gja1 as a mechanism by which cellular
Cx43 gap junctions can be dynamically regulated. Suppression of Gja1 alternative
translation is necessary for Cx43 gap junction loss, and stable expression of GJA1-20k
rescues gap junction formation during EMT. To identify regulatory factors acting on the
Gja1 mRNA, an MS2 RNA aptamer tagging system was adapted to isolate Gja1 with
associated RNA binding proteins. We find the RNA binding protein IMP1 is sensitive to
hypoxic stress and complexes with Gja1 mRNA, where it is necessary for alternative
translation to generate GJA1-20k. We have demonstrated alterations in translation
initiation of the Gja1 mRNA as a critical mechanism by which cells modulate Cx43 gap
junctional coupling in changing conditions and identified a novel regulator of this process
in mammalian cells.
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GENERAL AUDIENCE ABSTRACT
Communication between cells is necessary for healthy function of organs
throughout the body. Gap junctions form conduits through which signals can pass
directly between neighboring cells. Many diseases, including cancer and heart disease,
involve disturbances in gap junction communication. Connexin proteins are the building
blocks of gap junctions, and it was recently demonstrated that smaller fragments of
connexins are synthesized by cells by a poorly understood process called alternative
translation. Importantly, levels of these connexins fragments can alter gap junction
formation. We have used mammalian cells to delineate the mechanism by which this
alternative protein translation regulates gap junction formation and generated insight into
how such protein synthesis is dynamically regulated. Harnessing this knowledge will
inform development of new therapeutics inducing alternative translation to rescue gap
junctions, and restore normal communication in pathological conditions.
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CHAPTER 1
Introduction
Intercellular communication is necessary for all multicellular life and normal
tissue and organ function. One of the most direct means of intercellular communication is
achieved via gap junctions, continuous channels connecting the cytoplasm of apposed
cells [1]. Gap junctions are present in almost every cell type, forming the epithelial
syncytium of the inner ear and facilitating electrical coupling in the heart and brain [2-5].
Gap junctions are composed of connexin proteins, with Connexin43 (Cx43; gene name
GJA1) being the most ubiquitously expressed. Altered localization or loss of gap
junctions occurs during many pathological conditions including neurological disorders,
cancer progression, and heart disease [5-7]. Despite the importance of Cx43 gap junctions
in intercellular communication, there are significant gaps in our understanding of
fundamental Cx43 biology. This is highlighted by the finding in 2013 that GJA1 mRNA
undergoes alternative translation events to yield truncated Cx43 isoforms [8-10]. The
predominant product of GJA1 alternative translation, GJA1-20k, regulates trafficking of
full-length Cx43 to the cell surface and subsequent gap junction formation [8].
Despite the fundamental necessity for mRNA translation to organismal life,
research has historically focused on gene transcription as a central governor of the
proteome. An appreciation for co- and post-transcriptional gene regulation has since
developed with the discovery of alternative splicing, RNA modifications, and RNA
localization as critical regulators of cellular physiology. One of many posttranscriptional
mechanisms capable of altering the cellular proteome is translational regulation of
mRNAs, fine-tuning protein expression and rapidly altering protein expression during
stress [11, 12]. Growing evidence is highlighting translation as a central mechanism by
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which the cell responds to changing conditions. Alterations in translation initiation are a
key feature of cancer, viral pathogenesis, and cardiac hypertrophy [13-15]. Despite the
necessity for translational regulation in Cx43 gap junction maintenance and the emerging
role of this process in cellular protein expression, translational regulators of GJA1 remain
unknown.
Gap Junctions
Discovery
Prior to discovery of the gap junction channel, microinjection of tracer dyes by
Loewenstein et al. in 1965 demonstrated the existence of regions of permeability between
juxtaposed cells [16, 17]. The passage of ions between the cardiac myocyte intercalated
disc further supported the existence of direct intercellular coupling, and Weidmann et al.
(1966) proposed the existence of low resistance cell to cell contacts [18]. In the early
1970s, electron microscopy by several research groups visualized apposed membrane
regions separated by a “gap” of approximately 20 Angstroms, and subsequent freeze
fracture of these regions began to reveal the nature of the structures occupying these
intermembrane spaces, termed gap junctions [19, 20].
Identification and structure
Isolation and cloning of the first cDNA encoding for a gap junction protein
precipitated the identification of a family of gap junction forming proteins known as
connexins [21-23]. All gap junctions are composed of connexins, of which 21 human and
20 mouse genes have been identified. Connexin proteins consist of four transmembrane
domains and two highly conserved extracellular loops, as well as an intracellular loop and
C-terminal tail (Fig. 1.1A) [24]. These cytoplasmic regions vary widely in length and
amino acid sequence, and the C-terminal tail is subject to many regulatory post-
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translational modifications [25]. Six connexin protein monomers oligomerize to form a
hemichannel, or connexon, which is trafficked to the cell surface, where it docks with a
hemichannel of an apposing cell to form a continuous channel (Fig. 1.1B, C).
Hemichannels composed of the same connexin protein are termed homomeric, and those
comprising differing connexin proteins are termed heteromeric. Docking of hemichannels
composed of the same connexin proteins form a homotypic channel and in some cases,
hemichannels can dock with a hemichannel of a different connexin subtype, forming a
heterotypic channel. The compatibility of connexin proteins to form heteromeric
hemichannels and/or heterotypic gap junction channels is dependent upon connexin
subfamily and is understood to modulate channel properties such as conductance [26, 27].
Existing structural data suggest conservation of 3D structure amongst gap junction
channels composed of different connexin proteins, however functional differences remain
a subject of investigation [28, 29]. Cx32 and Cx46 form gap junction channels with
different ion selectivities, with Cx32 exhibiting increased conductance of anions and
Cx46 preferring cations [30, 31]. Independent of their role as a requisite component of
the gap junction channel, connexin hemichannels are known to release small molecules
such as ATP into the extracellular space in brain and epithelium [32, 33]. ATP release by
Cx43 hemichannels induces calcium exchange in astrocytes, where calcium waves can
synchronize astrocytic activity [34-36]. Hemichannels have also been shown to release
the neurotransmitter glutamate, further supporting a role for undocked hemichannels in
cellular communication [37]. Connexin hemichannels largely retain the properties of the
gap junction channel formed by their composite connexin; hemichannel permeability and
selectivity to solutes is similar to that of a gap junction composed of the same connexin
protein [38].
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The Gap Junction Protein Connexin43
Transcriptional regulation
Connexin43 (Cx43) is the most ubiquitously expressed connexin protein and is of
particular importance in cardiac muscle, where Cx43 gap junction channels facilitate the
electrical coupling necessary for a rhythmic heartbeat. The gap junction alpha 1 (GJA1)
gene encoding Cx43 is expressed in the developing heart where it is necessary for the
migration of neural crest cells to form the ventricular outflow tract [39]. Transcriptional
regulators of Gja1 have been particularly well characterized in the context of cardiac
development, where its expression must be limited to specific regions of the heart. The
transcription factor irx3 represses Gja1 expression in the ventricular conduction system,
where its ectopic expression caused slowing of electrical signal propagation [40]. Nkx2.5,
a transcriptional regulator of several connexins, promotes Gja1 expression and is
necessary for formation of the cardiac conduction system [41]. b-catenin is a critical
regulator of Cx43 expression in adult cardiac myocytes as well as tissues peripheral to the
heart through the canonical Wnt signaling pathway [42-44]. b-catenin activation induces
transcription of GJA1 and loss of b-catenin coincident with decreased Cx43 expression in
a mouse model of cardiomyopathy [44]. Interestingly, the Cx43 c-terminus directly
interacts with b-catenin and can negatively regulate b-catenin transcriptional activity in
the brain [45, 46]. This highlights the dynamic nature of GJA1 expression beyond
development, where alterations in signal transduction can rapidly change gap junction
status.
The Cx43 gap junction life cycle
Translation of the GJA1 gene encoding Cx43 begins in the cytosol. The nascent
peptide is then co-translationally translocated to the endoplasmic reticulum (ER) where

4

protein synthesis is completed. While most multi-subunit membrane proteins oligomerize
in the ER, Cx43 proceeds to the Golgi apparatus as a monomer [47]. Chemical
crosslinking and fractionation to localize Cx43 hemichannels to subcellular
compartments support a model in which oligomerization occurs in the trans-Golgi
network [47]. The Cx43 hemichannel is then trafficked to the cell membrane via
microtubules and the actin cytoskeleton [48-50]. Highly conserved extracellular loops of
the hemichannel dock with a hemichannel on apposing cells and form a continuous
channel through which ions and small metabolites can pass. Accretion of gap junction
channels into the gap junction plaque can be regulated by the tight junction scaffolding
protein zonula occludens 1 (ZO-1) [51]. The Cx43 C-terminus encompasses a PDZ
binding domain capable of ZO-1 binding, which has been demonstrated to localize to the
edge of gap junction plaques and limit gap junction size [52, 53].
Phosphorylation of Cx43 directly modulates gap junctional coupling and occurs at
all stages of the gap junction life cycle. The field has primarily focused on
phosphorylation events occurring in the connexin c-terminus, the region bearing the least
sequence conservation amongst connexin family members. With 26 serines in the cterminus alone and 19 of these known phosphorylation sites, phosphorylation of Cx43 is
complex and dynamically regulated [54]. Cx43 exists in a number of phosphorylation
states throughout its life cycle with several phosphorylation identified as specific to key
steps in its regulation. Phosphorylation of Cx43 by Casein Kinase 1 (CK1) promotes
hemichannel assembly into gap junctions, and disruption of these events via site directed
mutagenesis or inhibition of CK1 results in decreased gap junction formation [55]. Mice
with phosphomimetic mutations at Cx43 CK1 sites are protected from gap junction
remodeling and ventricular arrhythmia in a transverse aortic constriction (TAC) model
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[56]. With a half-life of 1-5 hours, gap junction turnover in the cell is constant [57].
Counter to CK1 sites which promote assembly, a cascade of Cx43 c-terminal
phosphorylations by Akt, PKC, and MAPK is understood to precipitate internalization
and degradation [54, 58].
Gap junction internalization is believed to proceed via endocytosis of a double
membrane structure containing the intact channel, as separation of docked hemichannels
has not been observed in physiological conditions [59]. Undocked Cx43 hemichannels
can also be internalized by membrane endocytosis, but distinct mechanisms of
hemichannel vs gap junction internalization have not been interrogated. Lysosomal
degradation is the primary pathway of membrane associated protein breakdown, and
annular Cx43 gap junctions can be detected within cellular lysosomes where they are
presumably degraded [60, 61]. Proteasome inhibitors that do not disrupt lysosomal
function also reduce gap junction internalization, however this is believed to be an
indirect effect as proteasome inhibition may interfere with transport of the membranous
gap junction to the lysosome [61]. While the role of the lysosome in gap junction
degradation is well known, the mechanism of delivery of Cx43 to the lysosome has not
been characterized. Autophagy is a cellular degradation pathway activated during stress
that delivers cellular components destined for breakdown to the lysosome in double
membrane structures termed “autophagosomes” [62]. Inhibition of the autophagosomal
degradation pathway results in accumulation of Cx43 protein and annular gap junctions
have also been localized to autophagosomes, implicating autophagy in Cx43 degradation
[63, 64]. How these pathways interface to effect efficient degradation of Cx43 gap
junctions and hemichannels remains a subject of investigation.
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Cx43 gap junctions in health and disease
Cx43 plays a multitude of roles in the cell including functions independent of gap
junction intercellular communication (GJIC). Cx43 is necessary for B-cell spreading and
adhesion, critical steps in B-cell activation and subsequent differentiation [65]. Elias et al.
(2007) demonstrated a similar role for Cx43 in neuronal migration where it stabilizes
cytoskeletal interactions and adhesion to fibers directing the migrating cells [66]. Cx43 is
also known to profoundly affect cell cycle progression, a function also believed to be
independent of gap junction channel formation [67, 68]. Dysregulation of Cx43 is
common to many forms of cancer, where its loss is associated with alterations in cell
proliferation and migration. Overexpression of Cx43 in breast cancer cells is sufficient to
decrease their metastatic potential, and inhibits proliferation of lung cancer cell lines [69,
70]. However, the role of Cx43 in cancer is complex and dependent on stage of disease
and cancer type. Increased expression of Cx43 in prostate cancer is associated with high
malignancy and invasive capacity in prostate cancer cells [71]. An oncogenic role of
Cx43 by increasing cell motility is also apparent in glioblastoma (GBM), where Cx43
knockdown decreases migratory capacity of glioma cells in a mechanism that is
dependent upon the presence of its C-terminus [72]. Inhibition of Cx43 channels with a
mimetic peptide also sensitizes treatment resistant GBM cells to the chemotherapeutic
temozolomide, and high Cx43 expression correlates with decreased survival of patients
with this highly malignant cancer [73]. In contrast, tumor suppressive properties of Cx43
have been documented in a number of cell types, and Cx43 expression is downregulated
in many human cancers [74-76]. Ectopic expression of Cx43 in colon cancer epithelial
cells does not appear to form gap junctions but limits cancer cell growth by antagonizing
apoptotic pathways [76]. Overexpression of connexins has also been associated with
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maintenance of epithelial phenotypes in hepatocellular and lung carcinoma cell
populations resistant to chemotherapeutic agents [77, 78]. Together, these data highlight
the complexity of connexin biology in disease and allude to the existence regulatory of
mechanisms of gap junction function that have yet to be described.
In the heart, alterations in Cx43 GJIC is a hallmark of cardiac disease and disrupts
the electrical communication necessary for ventricular contraction [5]. Cx43 gap
junctions are localized to the intercalated disc to facilitate anisotropic flow of ions
between cells. The focal ischemia that occurs during myocardial infarction creates a
scarred region of tissue surrounded by a “border zone,” in which Cx43 is predominantly
intracellular and often detected lateral to the intercalated disc [79-81]. Heart disease
encompasses diverse pathologies of the working myocardium, however alterations in
Cx43 distribution and expression are common to each and predispose the heart to
arrhythmia [4]. Decreased expression of the GJA1 transcript encoding Cx43 has been
documented in patients with ischemic heart disease and cardiomyopathy, and in mice
precipitates physiological dysfunction of cardiac muscle [82-84]. These transcriptional
changes are accompanied by alterations in translation of GJA1 mRNA, and recent
evidence supports a critical role for translational regulation in Cx43 gap junction
maintenance [8, 85]. Alternative translation of GJA1 generates a truncated peptide termed
GJA1-20k that regulates Cx43 gap junction formation [8]. Translation of GJA1 to
generate GJA1-20k is modulated by the mTOR pathway, a central regulator of cellular
protein synthesis [8, 86]. Importantly, cardiomyopathy and cardiac hypertrophy
significantly increase expression of the potent mTOR agonist TGF-b, further implicating
altered protein translation as a key event leading to cardiac dysfunction and arrhythmia
[87].
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Translation Initiation Regulates the Cellular Proteome
Historical Perspectives
Modifying the translational program allows a rapid response to extracellular
signals, effecting changes in protein expression from translation of existing mRNAs [88,
89]. Translation initiation is a point where many mechanisms of regulation converge to
determine if an mRNA will be translated, and a canonical model of translation initiation
central to our understanding of this process has arisen [90, 91]. Historically, this
canonical model of translation initiation dependent upon recognition of the mRNA 5’ cap
by eIF4E and ribosomal scanning until arrival at a conserved Kozak sequence was
accepted as the only mechanism of translation occurring in eukaryotic cells [90]. In 1989,
Peter Sarnow discovered the cellular mRNA GRP78/BiP is translated in poliovirus
infected cells where the 5’ cap recognition complex is inactivated, and proposed the
occurrence of “cap-independent” translation initiation on eukaryotic mRNAs [92]. This
discovery, together with evidence for the same phenomena on several other cellular
mRNAs, led to an understanding that translation initiation occurred via two pathways in
eukaryotic cells: 1. cap-dependent translation via the existing canonical model; 2. capindependent translation via internal ribosome entry sites (IRESs), the same mechanism
utilized by viral mRNAs to effect cap-independent translation initiation [93, 94]. The past
20 years of research have led to an appreciation for a more complex picture of translation
in which mechanisms of initiation that cannot be categorized within these two groups
exist (Fig. 1.2). “Alternative” mechanisms of translation initiation are therefore
characterized by distinct modes of recruiting translational machinery to the mRNA to
facilitate translation initiation. These include 5’ cap-dependent and independent models
with diverse molecular mechanisms such as alternate cap recognition and mRNA
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methylation capable of allowing the formation of elongation competent ribosomes. There
is also growing evidence to support a critical role of the ribosome itself in regulating
translation initiation. Protein synthesis occurs in three major steps; translation initiation,
elongation, and termination. Each of these steps are carefully regulated, however the
irreversibility of the reaction and the energetic cost of peptide synthesis make translation
initiation a critical regulatory step in this pathway.
EIF4E cap-dependent translation initiation
The canonical mode of eukaryotic translation initiation begins with formation of a
ternary complex composed of eukaryotic initiation factor (eIF) 2, a methionine charged
transfer RNA, and GTP (Fig. 1.2A) reviewed in [95]). Binding of the ternary complex
with the 40S ribosomal subunit is promoted by eIF1, eIF1A, and eIF3, forming the preinitiation complex (PIC). Eukaryotic mRNAs bear a 5’ cap of 7-methylguanosine (m7G),
necessary for this mode of translation initiation and maintaining mRNA stability. The cap
recognition protein eIF4E binds the 5’ cap, and together with eIFs 4A, 4G, and 4B
recruits the PIC to the 5’ mRNA end. Interactions of the eIF4G scaffolding protein and
poly(A) binding protein (PABP) circularize the mRNA and the complex scans in a 5’ to
3’ manner until arriving at a start codon in a favorable context. Upon start codon
recognition, GTP is hydrolyzed, binding of the 60S ribosomal subunit forms the 80S
complex and translation is initiated.
The necessity for eIF4E in canonical cap-dependent translation make it a critical
regulatory factor; eIF4E expression is tightly regulated and eIF4E activity is governed by
a family of eIF4E binding proteins (4E-BPs) which sequester and inactivate eIF4E [13,
96, 97]. 4E-BPs are primarily regulated by the mechanistic target of rapamycin (mTOR)
pathway, where phosphorylation of 4E-BPs by mTOR releases eIF4E to promote 5’ cap
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and eIF4E dependent translation initiation [98, 99]. Degradation or sequestration of
components of the eIF4F complex inhibits this mechanism and is targeted by many
viruses to induce a ‘global’ shutdown of cellular mRNA translation [100-102]. The
finding that a large number of cellular mRNAs are still translated under conditions in
which eIF4E cap-dependent translation is inhibited was an early clue that alternative
mechanisms of translation initiation exist [103]. The term alternative translation initiation
encompasses a variety of mechanisms that deviate from this canonical, eIF4E and 5’ capdependent model of translation initiation.
mRNA sequence elements in translation initiation
Alternative mechanisms of translation initiation can involve mRNA cis-elements
that facilitate translation initiation (Fig. 1.3). The most intensely studied of these is the
internal ribosome entry site (IRES), first described in viral mRNAs [93, 104-106].
Viruses utilize IRESs to hijack cellular translation machinery, concomitantly shutting
down cap-dependent translation while maintaining translation of viral proteins [93, 100,
102, 107]. Viral IRESs are categorized into four classes based upon size, structure, and
requirement for eIFs [108]. The viral IRES is typified by its ability to facilitate ribosome
assembly and translation initiation independent of a 5’ mRNA cap (Fig. 1.2D) [93, 109].
Much of the early work defining IRES function and mechanism of translation initiation
was performed on the poliovirus RNA, an example of a type 1 IRES [93, 104, 108].
These IRESs are highly structured regions of the viral mRNA, with secondary and
tertiary folding essential for function [110-112]. Minor single nucleotide substitutions or
insertions into the 5’ untranslated region of poliovirus mRNA severely disrupts viral
protein synthesis in mammalian cells and demonstrates the necessity for specific
sequence elements to the functional viral IRES [113, 114]. Two of the simplest viral
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IRESs, often serving as models in research, are derived from the hepatitis C (HCV) and
cricket paralysis (CrPV) viruses. The HCV and CrPV IRESs are examples of type 3 and 4
IRESs, respectively; the 40S ribosomal subunit binds these IRESs with high affinity,
followed by binding of 60S subunit and ternary complex. They differ in their requirement
for eIFs, with HCV IRES binding to the 40S subunit dependent upon eIF3 [110]. Type 4
IRESs such as that of CrPV are capable of direct recruitment of the 40S subunit [112,
115]. The mechanism by which an IRES facilitates open reading frame (ORF) selection
by the ribosome remains a topic of study, however it is clear that components of the IRES
are capable of directing the ribosome to a specific ORF [108]. More complex viral IRESs
require additional host cell initiation factors and have variations in mechanism of action,
however all catalyze formation of an elongation competent ribosome complex
independent of 5’ cap binding and/or a free 5’ mRNA end [108].
Though Pelletier and Sonenberg (1988) speculated that IRES-like translation
initiation could occur on cellular mRNAs, the phenomenon was thought to occur
exclusively on viral mRNAs until the discovery that the cellular protein GRP78/BiP was
translated during viral infection [92, 93]. Since, evidence for alternative translation
initiation driven by mRNA sequence has arisen in several cellular mRNAs [8, 116-118].
Cap-independent translation has been attributed to IRES activity within many of these,
and high-throughput screening has identified thousands of putative cellular IRESs often
occurring within the 5’ UTR [119-123]. Molecular virology has been critical to our
understanding of IRES translation initiation but it is increasingly appreciated that
eukaryotic ‘IRESs’ differ significantly from viral IRESs in structure and function. Recent
studies have reported IRES activity in eukaryotic circular mRNAs, which have to date
only been described in a small number of viruses and viroids [124-126]. Advancements
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in technology have revealed alternate promoter usage and transcriptional changes leading
to generation of distinct mRNA transcripts responsible for the expression of some
proteins previously attributed to IRES activity [127, 128]. This work has highlighted the
need for rigorous controls when evaluating IRESs, and for a more nuanced view of
translation initiation including categories beyond the ‘cap-dependent’ or ‘IRES’
designation [129]. Importantly, IRESs alone cannot explain the multitude of mRNAs that
continue to be translated despite inactivation of cap-dependent pathways and increasing
examples of translation initiation within protein coding sequences [8, 116]. Capindependent translation elements (CITEs) are mRNA sequence elements capable of
recruiting the translation initiation machinery, initially described in plant viruses [130,
131]. Shatsky and colleagues have proposed the use of this term to describe mRNA
sequence features driving cap-independent translation initiation but require a free 5’ end,
thus likely requiring ribosome scanning [132, 133]. The nature of these elements and the
mechanism by which they drive translation remains elusive, but the recent discovery of
an RNA modification capable of driving cap-independent translation alludes to the
probability that many non-canonical mechanisms of translation initiation have yet to be
discovered.
N6-methyladenosine (m6A) residues are found throughout the coding sequence
and 5’ and 3’ UTRs of cellular mRNAs [134]. The presence of m6A in mRNA 5’ UTRs
can effect translation initiation independent of the eIF4F complex and 5’ cap binding
(Fig. 1.2B) [135, 136]. While the role of m6A within the 5’ UTR has primarily been
investigated in the context of translation initiation, the presence of m6A within the coding
sequence of human mRNAs and the ability of m6A to direct ribosomes to specific sites
raises the possibility that m6A could recruit ribosomes to sites within the coding
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sequence, representing a potential mechanism by which truncated protein isoforms could
be translated [134].
Trans-acting RNA binding proteins affecting translation initiation
Proteins acting in trans have been implicated in translational regulation and can be
separated into two groups; RNA binding proteins (RBPs), and the ribosome complex
itself. RBPs play a pivotal role in almost every step of RNA transcription and processing,
while also acting on viral and cellular mRNA translation initiation (Fig. 1.3) [137, 138].
As an mRNA is transcribed, it is almost immediately bound by trans-acting proteins and
RNAs that form the ribonucleoprotein (RNP) complex. This complex is critical in
maintaining RNA stability and assisting in remaining steps of mRNA biogenesis, as well
as in governing mRNA splicing, translation, and degradation [139]. A group of RBPs
described as IRES trans-acting factors (ITAFs) are thought to recruit ribosomes to
cellular IRESs and drive mRNA translation [140-142]. Insulin-like growth factor 2
mRNA binding protein 1 (IMP1) is one of three IMPs (IMPs 1-3) with a proposed role in
carcinogenesis where increased IMP1 expression promotes cap-independent translation
initiation of oncogenic proteins including cellular inhibitor of apoptosis 1 (cIAP1),
inhibiting apoptosis [142, 143]. Action of IMP1 as an ITAF was initially recognized in
translation of insulin-like growth factor 2 (IGF2), where binding of IMP1 to the IGF2
transcript’s 5’ UTR is necessary for cap-independent translation [144]. In the absence of
IMP1, IGF2 transcripts dissociated from the translational polysome, indicating that IMP1
is necessary for translation initiation and leading the authors to identify several residues
necessary for IMP1’s mRNA binding activity [145]. IMP1 also targets and modulates
internal translation of cIAP1, where a similar dissociation of the cIAP1 mRNA from
polysomes occurs when IMP1 is silenced. IMP1 binds directly to the cIAP1 5’ UTR, and
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as in the case of IGF2, the IMP1 interaction with the 5’ UTR alone appears sufficient to
initiate internal translation [146].
The eukaryotic ribosome and translation initiation
The eukaryotic ribosome comprises ~80 ribosomal proteins (RPs) assembled with
four ribosomal RNA (rRNA) species to generate the small and large ribosomal subunits.
The concept of “specialized” ribosomes capable of selectively translating mRNAs was
alluded to in 1987, when in vitro mutations introduced within RPs directed the ribosome
to specific transcripts [147]. Evidence for eukaryotic ribosome heterogeneity arises at
multiple levels: RP expression, post-translation modifications, ribosome associated
proteins or factors, and rRNA [148]. Stoichiometric variation in RP levels have been
described, and a functional role for specific RPs implicated in vertebrate development
[148-150]. Utilizing a viral IRES to understand mechanisms of ribosome recruitment,
ribosomal protein s25 (rps25) was identified as necessary for hepatitis C viral RNA capindependent translation initiation [151]. A quantitative study of ribosome composition in
which mass spectrometry was used to determine absolute abundance identified four RPs
existing in sub-stoichiometric quantities [152]. This suggests ribosome populations that
differ in RP composition, and using immunoprecipitation and ribosome footprint
sequencing revealed distinct populations of mRNAs translated by rps25 containing
ribosomes. The same study investigated rpl10a, a large subunit protein also substoichiometric in polysomes, finding that it too regulated translation of functionally
linked mRNAs [152].These data highlight a mechanism by which RPs confer ribosomal
specificity, perhaps rendering it more permissive to initiate through the canonical
pathway or proceed via an alternative translation initiation mechanism (Fig. 1.2E). This
could be particularly important during normal conditions when canonical translation is
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not compromised, as it would allow selection from various modes of translation initiation
[8, 116].
Human RP mutations can perturb ribosome function and result in a number of
disorders described as ribosomopathies. A unifying feature of many of these
ribosomopathies is tissue specific phenotypes, despite dysfunction of a protein complex
essential in every cell. The ribosome concentration model serves to explain this
phenomenon, as an alternate to the ribosome specialization model (reviewed in [153]).
Diamond-Blackfan Anemia (DBA) is a ribosomopathy in which the majority of cases
involve mutations of RPs resulting in RP haploinsufficiency [154]. DBA causing
mutations in the hematopoietic transcription factor GATA1 are directly linked to this
mRNA’s translational sensitivity to ribosome availability rather than altered ribosome
composition [155]. Khajuria et al. (2018) further defined the role of ribosome levels not
only in DBA but in normal hematopoietic differentiation [156]. The authors reconstitute
DBA causing mutations in human hematopoietic cells and identify a pool of transcripts,
including GATA1, sensitive to RP haploinsufficiency and the resulting reduced ribosome
availability. The 5’ UTRs of these ‘ribosome concentration’ sensitive transcripts were
shorter and unstructured; features determinate of translation initiation rates [94, 156]. The
authors exclude a contribution of variations in ribosome composition in this particular
context.
Each of these models highlights the ability of the ribosome to regulate translation
globally and at the gene-specific level. The ribosome concentration model directly links
translation initiation rate with ribosome availability to dictate the rate of protein
synthesis, and the purported role of RP composition in alternative modes of translation
initiation specifically alludes to the possibility of these models coexisting.
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Alternative translation of GJA1
The existence of a free c-terminal fragment of Cx43, the most ubiquitously
expressed connexin, was reported as early as 2007 [157]. Initially believed to be a
byproduct of proteolytic cleavage, Smyth and Shaw (2013) later demonstrated that the
GJA1 mRNA which encodes Cx43 undergoes an alternative translation initiation event to
generate a truncated protein isoform encompassing the majority of the fourth
transmembrane domain and complete c-terminus of Cx43 (Fig. 1.4B) [8]. Levels of
GJA1-20k modulate formation of Cx43 gap junctions and are dynamically regulated by
growth factor signaling [8]. The presence of an internal ribosome entry segment (IRES)
in the GJA1 mRNA 5’ UTR was first proposed by Schiavi et al. (1999), and is thought to
allow cap-independent translation of full length Cx43 protein encoded for by GJA1 [121].
Ul-Hussain et al. (2014) later proposed the existence of IRES activity within the coding
region of Cx43, and that cap-independent translation initiation from this site could be
responsible for synthesis of GJA1-20k [9]. Experiments performed by Salat-Canela et al.
(2014) however demonstrate the requirement for a 5’ cap and upstream ribosome
scanning for translation of GJA1-20k [10]. While it is unlikely these internal coding
sequence elements of GJA1 act as a bona fide IRES, it is clear their activity is important
for alternative translation initiation and could be working in concert with other
components to guide the translation machinery to this internal start codon. In the heart
ectopic expression of GJA1-20k has been reported to regulate cardiomyocyte actin
dynamics and anterograde Cx43 trafficking [158]. Ectopic expression of GJA1-20k
increased Cx43 gap junction plaques and reduced gap junction loss during acute
ischemia, providing proof of principle that targeting translation initiation could protect
against loss of electrical coupling in the heart [158]. GJA1-20k also appears to localize to
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mitochondria where it responds to oxidative stress and preserves mitochondrial
localization and function [159]. Such diversity in GJA1-20k function highlights the
importance of alternative translation initiation in regulation of normal cellular functions
across tissue types, and alterations in translation initiation in response to stress.
TGF-β signaling and the mTOR pathway
Previous studies have demonstrated that inhibition of PI3K/AKT/mTOR signaling
promotes alternative translation of Gja1 yielding GJA1-20k, and concomitantly increases
Cx43 gap junctions at cell borders (Fig. 1.4A) [8]. Transforming growth factor (TGF)-β
is a potent agonist of this pathway and elicits global alterations in translation initiation
through effector molecules including ribosomal protein S6 kinase (p70-S6K) and the 5’
mRNA cap binding protein eukaryotic initiation factor 4E (eIF4E) [160, 161]. Increased
TGF-β signaling is a hallmark of the ischemic and hypertrophic heart, in which gap
junctional intercellular coupling is often compromised [5, 162-164]. In epithelial cells,
TGF-β stimulation induces a trans-differentiation process known as epithelialmesenchymal transition (EMT). EMT is a reversible cellular program induced through
activation of signaling pathways, including PI3K/AKT/mTOR, that drive epithelial cells
to acquire a mesenchymal phenotype [165]. EMT is characterized by loss of gap
junctions as cells shut down intercellular communication [166].
Endothelial cells undergo an analogous transformation to form mesenchymal cells
during development termed endothelial-mesenchymal transition (EndMT) [167]. EndMT
is necessary for normal cardiac development, however it is pathologically reactivated in
disease. Similar to EMT, the extracellular growth factor TGF-β is a potent inducer of
EndMT [168]. Endothelial cells of the developing heart tube undergo EndMT to form the
endocardial cushion, where these cells contribute to the formation of the ventricular
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mitral and tricuspid valves [169]. Tissue fibrosis is common to many forms of cardiac
disease, causing stiffening of the heart muscle and diastolic dysfunction [170]. The
fibroblasts responsible for the formation of fibrotic extracellular matrix arise from
EndMT of endothelial cells present in the heart [168]. EndMT also contributes to
fibroblast accumulation in diseased lung and kidney, and EndMT derived mesenchymal
cells associate with metastatic tumors and increase their invasiveness in mouse models
[171, 172].
Of relevance to Cx43 as a membrane resident protein, TGF-β stimulation induces
alterations in expression and post-translational modifications of key proteins involved in
the vesicular trafficking pathway [173]. These include protein targets involved in
anterograde vesicle organization and coating, processes primarily occurring in the Golgi
apparatus. Reorganization of the Golgi apparatus occurs during EMT as epithelial cells
lose apical-basal polarity and membrane trafficking is oriented to the mesenchymal cell’s
leading edge [174]. The scaffolding protein PAQR11 causes Golgi compaction to
promote vesicular trafficking to the cell membrane during EMT, increasing migratory
capacity of lung cancer cells [175]. TGF-β stimulation also impinges upon retrograde
trafficking of membrane proteins with endocytosis of junctional proteins important for
the maintenance of an epithelial phenotype are endocytosed [176]. TGF-β induces
transcriptional downregulation of the adherens junction protein E-cadherin, however the
removal of existing junctional E-cadherin is necessary for EMT progression [177]. Janda
et al. (2006) demonstrated the necessity for activation of E-cadherin endocytosis to
facilitate dissociation of neighboring epithelial cells in early stages of EMT prior to
transcriptional downregulation of the E-cadherin gene [178].
Alternative translation of GJA1 as a regulator of Cx43 gap junctions
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This relationship between TGF-β induced alterations in translation and gap
junction downregulation in these physiologically relevant systems led us to hypothesize
that alternative translation initiation of GJA1 is suppressed in response to TGF-β
signaling, and the subsequent loss of GJA1-20k is necessary to limit gap junction
formation in response to TGF-β. In a cellular model of EMT, we have demonstrated that
alternative translation of Gja1 is suppressed in response to TGF-β and that this is a
necessary step for gap junction disassembly during EMT. Stable expression of the
alternative translation product GJA1-20k is sufficient to rescue trafficking of Cx43
through the Golgi apparatus and restore Cx43 gap junctions at the cell membrane. These
findings have advanced our understanding of alterations in gap junction coupling during
EMT and, importantly, highlight a previously undescribed role for translation initiation in
dynamically regulating Cx43 gap junctions. Having defined a role for alternative
translation in gap junction downregulation during EMT, we next sought to identify
regulatory factors governing translation initiation of GJA1 (Fig1.4A). We modified an
MS2 aptamer tagging system designed for mRNA imaging to perform pull-down of the
GJA1 mRNA in mammalian cells. This system allows purification of GJA1 which
translation initiation is known to be altered. We identified IMP1 as an RNA binding
protein present on GJA1 mRNA and that is necessary for alternative translation initiation
to generate GJA1-20k.
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Figure 1.1: Gap junctions are composed of connexin proteins. A) Connexin proteins
are composed of 4 transmembrane domains and cytoplasmic N and C termini. B) Six
connexin proteins oligomerize to form a connexon or hemichannel, which is trafficked to
the cell membrane C) At the membrane, hemichannels on apposing cells dock to form a
gap junction channel through which ions and small metabolites pass between coupled
cells.
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Figure 1.2: Mechanisms of translation initiation currently known. A) eIF4E
recognition of the 5′ mRNA cap facilitates binding of the 43S preinitiation complex in the
canonical pathway of translation initiation. Upon recognition of the initiation codon the
60S subunit joins and translation is initiated. This mechanism of eIF4E and capdependent translation initiation is responsible for the majority of mRNA translation in the
eukaryotic cell. B) N(6)-methyladenosine (m6A) in the mRNA 5′ UTR can directly bind
the eIF3 multiprotein complex and allow recruitment of the 43S complex to initiate
translation independent of the 5′ cap. C) A subset of mRNAs are bound by the d subunit
of the eIF3 complex. eIF3d cap recognition directs translation initiation allowing capdependent translation independent of eIF4E, the canonical cap recognition protein. D)
Highly structured mRNA elements, in many cases with the assistance of IRES trans
acting factors (ITAF) recruit ribosomes to specific start codons in viral mRNAs, allowing
cap-independent translation initiation. The requirement for mRNA structure, ITAFs, and
other factors in eukaryotic IRES remains a subject of research. E) Ribosomes vary in
their ribosomal protein composition, and selectively translate mRNAs. Ribosomal
proteins, in tandem with cis elements of the message, may direct ribosomes to translate
specific mRNAs in changing conditions.
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Figure 1.3: Translation initiation is regulated by cis and trans elements of mRNA.
Nucleotide sequence, structure, and mRNA modifications can guide the translation
machinery to mRNAs to initiate translation. These cis elements of the mRNA act in
concert with trans acting factors such as ribosomes and RNA binding proteins (RBPs) to
govern when and where a protein will be synthesized.
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Figure 1.4: Translation initiation of GJA1 is altered in response to extracellular
signals. A) Signaling pathways including mTOR and Mnk1/2 are known to suppress
alternative translation initiation within the GJA1 coding sequence in response to
extracellular signals including transforming growth factor b (TGF-b) stimulation and
stress. These signaling pathways may converge upon an undescribed RNA binding
protein (RBP) that is necessary for translation of GJA1-20k. B) Canonical translation
initiation at the most 5’ start codon of the GJA1 coding sequence is responsible for
synthesis of full length Cx43. Alternative translation initiating within the GJA1 coding
sequence generates a truncated isoform, termed GJA1-20k, encompassing the last
transmembrane domain and complete C-terminus of the protein.
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Abstract
Epithelial-mesenchymal transition (EMT) is activated during development, wound
healing, and pathologies including fibrosis and cancer metastasis. Hallmarks of EMT are
remodeling of intercellular junctions and adhesion proteins, including gap junctions. The
GJA1 mRNA transcript encoding the gap junction protein connexin43 (Cx43) has been
demonstrated to undergo internal translation initiation, yielding truncated isoforms that
modulate gap junctions. The PI3K/Akt/mTOR pathway is central to translation regulation
and is activated during EMT, leading us to hypothesize that altered translation initiation
would contribute to gap junction loss. Using TGF-β-induced EMT as a model, we find
reductions in Cx43 gap junctions despite increased transcription and stabilization of Cx43
protein. Biochemical experiments reveal suppression of the internally translated Cx43
isoform, GJA1-20k in a Smad3 and ERK-dependent manner. Ectopic expression of
GJA1-20k does not halt EMT, but is sufficient to rescue gap junction formation. GJA120k localizes to the Golgi apparatus, and using super resolution localization we find
retention of GJA1-43k at the Golgi in mesenchymal cells lacking GJA1-20k.
NativePAGE reveals that levels of GJA1-20k regulate GJA1-43k hexamer
oligomerization, a limiting step in Cx43 trafficking. These findings reveal alterations in
translation initiation as an unexplored mechanism by which the cell regulates Cx43 gap
junction formation during EMT.
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Introduction
A variety of growth factors, including transforming growth factor beta (TGF-β), can
induce epithelial cells to undergo the transdifferentiation process of epithelial-mesenchymal
transition (EMT). While EMT occurs normally in development and wound healing it can also
contribute to pathological processes such as fibrosis and cancer progression [1]. During EMT,
cellular junctions are disassembled and remodeled in concert with cytoskeletal alterations and
acquisition of a mesenchymal phenotype [2]. Gap junctions, comprised of connexin proteins,
provide direct intercellular communication between polarized epithelial cells and are subject to
down regulation with loss of polarity during EMT [3, 4]. Of the 21 human connexins,
connexin43 (Cx43; gene name GJA1) is the most ubiquitously expressed gap junction protein
[5]. A rate-limiting step in Cx43 intracellular transport occurs at the trans-Golgi network (TGN)
where six Cx43 monomers must oligomerize to form Cx43 hemichannels, or connexons, to
permit cytoskeleton-based trafficking to the plasma membrane [6]. Connexons on the surface of
apposing cells dock to form continuous channels which coalesce into dense arrays, termed gap
junction plaques, to effect direct intercellular flow of ions and small molecules [7]. Suppression
of gap junctional intercellular coupling (GJIC) was thought to be a necessary step for EMT
progression as cells become migratory, however involvement of Cx43 in critical cellular
processes including cell migration and cell cycle regulation implicate a more complex role for
this protein during EMT [8-11].
Investigation of the molecular mechanisms governing EMT has focused on induction of
transcriptional programs and post-translational modifications. Translation, however, is gaining
increasing appreciation as a dynamic regulator of the proteome during cellular processes
including EMT [12, 13]. Translation of Cx43 can be regulated at the RNA level during
development, demonstrated in mice through alternative splicing and alternative promoter usage
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within its 5’ untranslated region (5’UTR) [14]. This process is further complicated by the
existence of an internal ribosome entry site (IRES) within the GJA1 5’UTR, and the recent
finding that the coding sequence of GJA1 is also subject to internal translation initiation events to
yield N-terminally truncated Cx43 isoforms [15-18]. Alternative modes of translation initiation
such as internal translation are historically recognized as a mechanism used by viruses to
increase their protein coding capacity [19]. More recently, alternative translation has been
recognized to occur in eukaryotes, playing a role in the biological programs of apoptosis,
differentiation, and metastasis [20, 21]. High-throughput experiments in mammalian cells have
suggested a prominent role for alternative translation in modulating protein diversity, and
genome-wide analysis of translation initiation sites using ribosome profiling identified a
substantial degree of novel and ‘non-canonical’ translation initiation start sites [22-24]. These
sites can generate N-terminal truncations of proteins as is found with GJA1, upstream open
reading frames (uORFS), or alternate reading frames [22].
The most predominantly expressed N-terminally truncated Cx43 isoform is termed
GJA1-20k, with full-length Cx43 termed GJA1-43k [16-18]. Importantly, GJA1-20k is
understood to reside at intracellular structures including the endoplasmic reticulum (ER) and
Golgi apparatus and has been demonstrated to regulate Cx43 gap junction formation. Limiting
the cell’s ability to express GJA1-20k results in distribution of Cx43 throughout the cytosol and
loss of gap junctions at cell borders [16]. In cardiac cells, ectopic expression of GJA1-20k
induces actin stabilization and promotes gap junction formation at intercalated discs, revealing
therapeutic potential in restoring gap junction coupling during ischemia [25]. More recently,
studies have also localized GJA1-20k to mitochondria where a protective role in mitochondrial
dynamics and integrity was identified [26]. Levels of GJA1-20k are responsive to cellular stress
such as hypoxia and simulated ischemia, and alteration of GJA1 mRNA internal translation can
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be regulated by signal transduction pathways including PI3K/Akt/mTOR and Mnk1/2 [16, 18].
TGF-β induces EMT through both Smad and non-Smad signaling [27]. One way that TGF-β
signaling contributes to EMT is through activation of the PI3K/Akt/mTOR pathway, an
important regulator of protein translation and GJA1-20k synthesis [1, 16, 28]. We therefore
hypothesized that alterations in translation initiation could contribute to changes in gap junction
formation during EMT, independent of post-translational or transcriptional regulation.
Materials and methods
Molecular biology
Human GJA1 cDNA was obtained from GE Dharmacon and cloned into pDONR221 using
Gateway BP cloning (forward primer;
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGTGGTGCCCAGGCAAC, reverse
primer;
GGGGACCACTTTGTACAAGAAAGCTGGGTTCTAGATCTCCAGGTCATCAGGCC) to
create an entry clone (BP clonase II; ThermoScientific). GJA1 was then inserted into pcDNA3.2V5/DEST from pDONR221/hGJA1 entry clone using Gateway LR cloning to generate
pcDNA3.2/hGJA1. pcDNA3.2/GJA1-20k-V5 was generated using forward
primer GGGGACAAG
TTTGTACAAAAAAGCAGGCTTAATGCTGGTGGTGTCCTTGGT and reverse
primer GGGGACCACTTTGTACAAGAAAGCTGGGTTGATCTCCAGGTCATCAGGCCG to
insert the GJA1-20k coding sequence into pDONR221 using Gateway BP cloning (BP clonase
II; ThermoScientific). GJA1-20k was then inserted into pcDNA3.2/V5-DEST from
pDONR221/hGJA1-20k entry clone using Gateway LR cloning (LR clonase;
ThermoScientific). Lentiviral expression vectors were created using TOPO cloning to insert the
GJA1 coding sequence (forward primer GTGGTGCCCAGGCAACATG, reverse primer
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CTAGATCTCCAGGTCATCAGGCC) or GJA1-20k (forward primer
ATGCTGGTGGTGTCCTTGGTG, reverse primer CTAGATCTCCAGGTCATCAGGCC) into
pLenti6.3/V5-TOPO (ThermoScientific). pLenti6.3/V5-GW/lacZ and pcDNA3.2/GW-CAT
served as control expression vectors (ThermoScientific). All recombinant DNA constructs were
verified by Sanger sequencing.
Cell culture
NMuMG cells were a kind gift from Prof. Rik Derynck (University of California San Francisco)
and maintained in DMEM+Glutamax supplemented with 10% FBS, sodium pyruvate, nonessential amino acids (ThermoScientific), bovine insulin solution (5μg/μl Sigma) and MycoZAP
(Lonza). MycoZAP is included to prevent mycoplasma contamination. Cells were maintained in
a humidified atmosphere of 5% CO2 at 37°C. For experiments, cells were plated at 1.6 x 104
cells/cm2 in 100 mm plates or 6-well dishes for protein harvesting and 8-well chamber slides for
imaging. Cells were incubated for 24 h before addition of media containing one of the following
treatments: TGF-β1 (2 ng/mL, Humanzyme), the TβR1 blocker SB 431542 (SB; 5 µM, Sigma),
Smad3 inhibitor SIS3 (10 µM, Selleckchem), p38 inhibitor SB 202190 (20 µM, Cayman), JNK
inhibitor SP 600125 (20 µM, Cayman), ERK1/2 inhibitor SCH 772984 (0.1 µM, Cayman),
mTOR inhibitor PP242 (10 µM, Cayman), or vehicle (veh; DMSO). 293FT cells were obtained
from ThermoScientific and maintained in DMEM+Glutamax supplemented with 10% FBS,
sodium pyruvate, non-essential amino acids (ThermoScientific), and MycoZAP (Lonza).
Lentivirus production, cell transduction, and stable cell line generation
Lentivirus was created from pLenti6.3/hGJA1, pLenti6.3/GJA1-20k, and pLenti6.3/LacZ
according to the manufacturer’s instructions (ViraPower Lentiviral Expression System;
ThermoScientific). Titered and normalized viruses were used to infect NMuMG cells plated in 6well dishes in the presence of hexadimethrine bromide (4 µg/mL; Sigma). After 48 h, cells were
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split 1:40 into 100 mm dishes and 10 µg/mL Blasticidin added to medium for selection. Medium
was changed every two days and healthy colonies picked using cloning rings (Scienceware).
Clones were expanded and screened for stable expression by Western blotting and
immunofluorescence.
Western blotting
Cells were lysed in RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 1% sodium deoxycholate, 2 mM NaF, 200 μM Na3VO4) supplemented with HALT
Protease and Phosphatase Inhibitor Cocktail (ThermoScientific) and Western blotting conducted
as previously described [35, 74]. Briefly, cells were scraped into RIPA buffer and sonicated prior
to centrifugation at 10,000 x g for 20 minutes at 4°C. Protein concentration was quantified using
the Bio-Rad DC Protein Assay and lysates normalized to the same concentration. 4X Bolt LDS
sample buffer (ThermoScientific) supplemented with DTT (400 mM) was added and samples
heated for 10 minutes at 70°C prior to SDS-PAGE and Western blotting with the following
primary antibodies: mouse anti-N-cadherin and mouse anti-E-cadherin (1:1000; BD
Biosciences), rabbit anti-Cx43 (1:3000; Sigma), rabbit anti-fibronectin (1:3000; Sigma), mouse
anti-α-tubulin (1:3000; Sigma). Goat secondary antibodies conjugated to Alexa-Fluor 555 and
647 (ThermoScientific) were used at 1:1000 and membranes imaged on a ChemiDoc MP (BioRad).
Immunofluorescence
Cells were fixed in 37°C 4% paraformaldehyde for 20 mins and stored in PBS at 4°C until
immunostaining was conducted as previously described [35] with the following primary
antibodies: rabbit anti-fibronectin (Sigma; 1:500), mouse anti-N-cadherin (BD Biosciences;
1:200), mouse anti-E-cadherin (BD Biosciences; 1:1000), rabbit anti-Cx43 (Sigma; 1:3000)
mouse anti-α-tubulin (Sigma; 1:3000). Secondary antibodies used were goat anti-rabbit
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AlexaFluor488 and anti-mouse AlexaFluor647 (ThermoScientific; 1:500) with AlexaFluor647
phalloidin employed to detect actin (ThermoScientific; 1:20). For immunofluorescence using
antibody directed against the Cx43 cytoplasmic loop, cells grown on 35 mm glass bottom dishes
(Mat-Tek) or 8-well chambered slides were fixed in methanol for 5 mins on ice. Antibodies used
were rabbit anti-Cx43 cytoplasmic loop (Abcam, 1:500), mouse anti-pan cadherin (BD
Biosciences, 1:500), anti-rabbit AlexaFluor488 and anti-mouse AlexaFluor647
(ThermoScientific, 1:500). To localize GJA1-20k, NMuMG cells were transfected in 35 mm
glass-bottomed dishes with 2 µg pcDNA3.2/hGJA1-20k-V5, or pcDNA3.2/GW-CAT using
Lipofectamine 3000 (ThermoScientific). 24 h post transfection cells were fixed in methanol for 5
min on ice. Immunostaining was performed as described above using the following primary
antibodies: rabbit anti-V5 (Sigma; 1:1000), and mouse anti-GM130 (BD Biosciences; 1:250).
Super-resolution microscopy
Cells plated in 35 mm Mat-Tek dishes were fixed in methanol for 5 min on ice. Cells were
washed three times in PBS before blocking for 1 h at room temperature in 5% normal donkey
serum (NDS; Jackson ImmunoResearch), 0.5% Triton X-100, in PBS (blocking buffer). Cells
were incubated with the following primary antibodies diluted in blocking buffer: mouse antiGM130 (BD Biosciences; 1:1000), rabbit anti-Cx43 cytoplasmic loop (Abcam, 1:500).
Following PBS washes, cells were incubated with donkey secondary antibodies conjugated to
AlexaFluor647 (ThermoScientific) or CF568 (Biotium) diluted in blocking buffer. After PBS
washes, two-color direct Stochastic Optical Reconstruction Microscopy (STORM) imaging was
conducted using a Vutara 350 (Bruker). Cells were imaged in 50 mM Tris-HCl, 10 mM NaCl,
10% (w/v) glucose buffer containing 20 mM mercaptoethylamine, 1% (v/v) 2-Mercaptoethanol,
168 active units/ml glucose oxidase, and 1404 active units/ml catalase. Videos of 5000 frames
were acquired for each probe and 3D images reconstructed in Vutara SRX software. Intracellular
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regions of interest were selected and coordinates of localized molecules used to calculate pair
correlation functions in the Vutara SRX software [75, 76].
Image analysis
For quantification of Cx43 expression at cell-cell borders, pan-cadherin images were used to
identify cell-cell borders for vehicle and TGF-β treated cells respectively. 10 µm lines were
drawn perpendicular to cell-cell borders every ten pixels for the length of each border. The plot
profile function in ImageJ was used to quantify Cx43 fluorescence intensity from each line and
data averaged. Images were acquired and analyzed by separate individuals, with image identity
blinded to the analyst.
Separation of soluble (non-junctional) and insoluble (junctional) Cx43
Cells were harvested in 1% Triton X-100 buffer (50 mM Tris pH 7.4, 1% Triton X-100, 2 mM
EDTA, 2 mM EGTA, 250 mM NaCl, 1 mM NaF, 0.1 mM Na3VO4) supplemented with HALT
Protease and Phosphatase Inhibitor Cocktail (ThermoScientific). Samples were lysed in 1%
Triton X-100 buffer for 1 h nutating at 4°C. After lysing, 25 µL of lysate was removed and snap
frozen to serve as total protein fraction. The remaining lysate was centrifuged at 15,000 x g for
30 min, and supernatant removed to serve as the soluble fraction. Pellets containing insoluble
protein were resuspended in 4X Bolt LDS sample buffer (ThermoScientific). Alll samples were
sonicated and centrifuged for 20 min at 10,000 x g following the addition of 4X Bolt LDS
sample buffer (ThermoScientific) supplemented with DTT (400 mM) and SDS-PAGE Western
blotting performed as described above.
Real time quantitative PCR
RNA was extracted from NMuMG cells using the Purelink RNA Mini Kit (ThermoScientific)
and homogenized by passage 10 times through an 18 gauge needle. DNA was digested on
column using PureLink DNase (ThermoScientific). 1 µg of RNA was reverse transcribed with
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iScript cDNA Synthesis Kit (Bio-Rad). RT-qPCR was performed using SYBR Select Master
Mix for CFX (ThermoScientific) on a CFX Connect Real-Time System (Bio-Rad). Validated
PrimeTime qPCR primers were purchased from Integrated DNA technologies. Cycling
parameters consisted of 50°C 2 min; 95°C 2 min; 39 cycles of 95°C 15 sec, 55°C 15 sec, 72°C 1
min followed by a melt curve.
Click chemistry pulse chase assay
NMuMG cells were plated in 6-well dishes and fully supplemented DMEM and treated with
TGF-β or vehicle as described above. 48 h post TGF-β stimulation, cells were rinsed and starved
for 1 h in Methionine/Cyteine free DMEM (ThermoScientific) supplemented with 10% dialyzed
FBS (GE Healthcare). Cells were then pulsed for 1 h with Click-iT L-Azidohomoalanine
(ThermoScientific, 50 µM final concentration) added directly to starvation media. Samples were
harvested over an 8 h period at 2 h intervals into 200 μl lysis buffer (1% SDS, 50 mM Tris-HCL)
supplemented with HALT protease and phosphatase inhibitor cocktail (ThermoScientific).
Lysates were incubated on ice for 15 min and sonicated prior to centrifugation at 10,000 x g for
20 min at 4°C. Protein concentration was quantified using the Bio-Rad DC Protein Assay and all
samples normalized to 400 µg/100 µl. The click reaction was performed on 400 µg protein using
the Click-iT Protein Reaction Buffer Kit and Tetramethylrhodamine (TAMRA) Alkyne
(ThermoScientific, 40 µM final concentration) as per manufacturer’s instructions.
Immunoprecipitation was performed as previously described [60]. Briefly, Cx43 was
immunoprecipitated from precleared lysates using 1 µg rabbit anti-Cx43 (Sigma) and protein G
Dynabeads (ThermoScientific). Western blotting was performed as described above and pulsed
Cx43 detected using antibody directed against TAMRA (ThermoScientific, 1:1000). Blots were
stripped using Re-Blot Plus Strong Solution (Millipore) and re-probed for total Cx43 with rabbit
anti-Cx43 (Sigma; 1:3000).
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Blue NativePAGE
NMuMG cells were washed twice with PBS and harvested by scraping into 1X NativePAGE
sample buffer (ThermoScientific) containing 1% Digitonin and HALT protease inhibitor cocktail
(ThermoScientific). Lysates were centrifuged at 100,000 x g for 15 min at 4°C using a Beckman
Coulter Optima TLX ultracentrifuge. G-250 sample additive was added to supernatants to
0.25%. Samples were loaded on a 4-16% Bis-Tris Novex NativePAGE Gel (ThermoScientific)
and electrophoresed at 4°C according to manufacturer’s instructions. Proteins were transferred to
PVDF membranes in Bolt transfer buffer (ThermoScientific) for 1 h at 25 V. GJA1-43k was
detected with rabbit anti-Cx43 (Sigma; 1:3000) followed by goat anti-rabbit HRP (Abcam;
1:5000). Membranes were imaged following addition of Clarity Western ECL Substrate on a
ChemiDoc MP (Bio-Rad).
Results
Internal translation of Gja1 is suppressed during TGF-β-induced EMT.
To investigate the contribution of internal translation initiation in EMT-associated alterations in
Cx43 gap junctions, we utilized normal mouse mammary gland epithelial cells (NMuMG).
NMuMG cells are an established cell model which readily undergo EMT upon stimulation with
TGF-β [29]. Expression of mesenchymal markers including fibronectin and N-cadherin with
concomitant suppression of the epithelial marker E-cadherin were detected by Western blot, RTqPCR, and immunofluorescence, confirming induction of the EMT process within 24 h of TGF-β
addition (Supplemental Figure 1). Phase contrast microscopy reveals morphological changes
from an epithelial ‘cobblestone’ phenotype to larger spindle-shaped mesenchymal cells by 48 h
post TGF-β stimulation (Figure 1A). Given the role of PI3K/AKT/mTOR in TGF-β-induced
EMT, and in regulation of GJA1-20k translation [16], we investigated the status of Gja1
translation by Western blot. Cx43 was detected with an antibody directed against the C-terminus,
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capable of detecting GJA1-20k and its full-length counterpart GJA1-43k. We find significantly
increased levels of GJA1-43k in mesenchymal cells in comparison to controls treated only with
vehicle (Figure 1B). GJA1-20k levels, however, are significantly reduced relative to GJA1-43k
(Figure 1B, quantified in Figure 1C). To ask if increased GJA1-20k protein degradation is
responsible, we used replication incompetent lentiviruses to generate stable cell lines encoding
LacZ, the entire GJA1 coding sequence, or GJA1-20k alone. Again, levels of GJA1-43k were
increased and relative levels of GJA1-20k reduced following stimulation with TGF-β in LacZ
and GJA1 cell lines. The GJA1-20k stable cells, however, maintained GJA1-20k expression
following stimulation with TGF-β, where the protein is constitutively synthesized from an
independent mRNA and therefore not subject to suppression of internal translation (Figure 1D,
quantified in Figure 1E). These data demonstrate that altered GJA1-43k and GJA1-20k levels in
mesenchymal cells are likely not due to increased degradation of GJA1-20k, but rather inhibition
of translation initiation within GJA1 mRNA with concomitant enhanced GJA1-43k translation
from the initial start codon. Specificity to TGF-β signaling is confirmed with the TGF-β receptor
inhibitor SB431542, which inhibits EMT induction and rescues expression of GJA1-20k.
Together, these data suggest a shift in translation initiation may occur during EMT to regulate
Cx43 localization and function at the post-transcriptional level.
GJA1-43k protein localizes to non-junctional soluble pools during TGF-β-induced EMT.
Dissolution of intercellular junctions is an established hallmark of EMT, yet conflicting reports
exist regarding the fate of Cx43 as cells acquire the mesenchymal phenotype [4, 30-33]. Our
finding that GJA1-20k, which is known to regulate gap junction formation, occurs at lower levels
in mesenchymal cells (Figure 1), would suggest alterations in GJA1-43k intracellular trafficking.
Immunofluorescence confocal microscopy reveals diffuse redistribution of Cx43 to the cytosol
during EMT (Figure 2A). Cx43 gap junctions still occur at cell-cell borders in mesenchymal
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cells, but are fewer and more punctate than those of epithelial cells. To complement
immunofluorescence studies, we employed the Triton X-100 solubility assay to fractionate and
quantify junctional GJA1-43k in mesenchymal cells and their unstimulated epithelial
counterparts at 48 h post induction. Consistent with our immunofluorescence data, significantly
lower levels of junctional Cx43 were detected following TGF-β stimulation relative to total Cx43
(Figure 2B, quantified in Figure 2C). Together, these data demonstrate limited gap junction
formation in mesenchymal cells despite increased Cx43 protein levels.
Levels of GJA1-43k protein and Gja1 transcript increase during TGF-β-induced EMT and
GJA1-43k protein is stabilized.
In Figures 1 and 2 we report that TGF-β stimulation increases GJA1-43k levels in concert with
reduced GJA1-20k expression and redistributes GJA1-43k to non-junctional compartments.
Interestingly, total levels of GJA1-43k protein increase significantly over the 72 h time course of
EMT induction (Figure 3A, quantified in Figure 3B). We also find by RT-qPCR that Gja1
mRNA increased continuously throughout the 72 h time course (Figure 3C). These findings led
us to investigate changes in Cx43 protein regulation, where altered GJA1-43k stability could
explain the lack of correlation between protein and mRNA levels, and gap junction formation.
Click chemistry was utilized to perform non-radioactive pulse-chase experiments to determine
GJA1-43k stability in the presence of TGF-β stimulation [34]. We find that despite reduced gap
junction formation, GJA1-43k half-life increased from 1.3 h in unstimulated cells to 2 h
following 48 h TGF-β stimulation (Figure 3D, quantified in Figure 3E).
Ectopic stable expression of GJA1-20k rescues gap junction formation and does not alter
EMT marker induction in NMuMG cells.
Having demonstrated that internal translation of GJA1-20k is suppressed during EMT, we next
removed cellular control of GJA1-20k expression in order to test the necessity of GJA1-20k
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suppression for gap junction down-regulation. Utilizing lentivirally transduced clonal NMuMG
cell lines expressing LacZ as control or the GJA1-20k coding sequence, we find that both LacZ
and GJA1-20k cell lines underwent EMT following TGF-β stimulation. Both cell lines displayed
comparable morphological changes by phase contrast microscopy (Figure 4A) and
immunofluorescence confocal imaging reveals comparable fibronectin (green) induction with
actin (red) stress-fiber formation in mesenchymal cells (Figure 4B). Induction of EMT markers
fibronectin and N-cadherin was confirmed biochemically by Western blot (Figure 4C, quantified
in Figure 4D). To determine effects on GJA1-43k sub-cellular localization and gap junction
formation, confocal immunofluorescence microscopy was employed (Figure 5A-D). We detected
GJA1-43k using an antibody targeting the cytoplasmic loop of Cx43, in order to exclude
confounding signal from truncated Cx43 isoforms. To measure changes in GJA1-43k gap
junction formation and subcellular distribution, quantification was performed by fluorescence
intensity line scans across cell-borders (Figure 5B, 5D) [35]. Cell borders are identified with a
pan-cadherin antibody (red). Upon TGF-β stimulation, GJA1-20k cells are protected against
cytosolic redistribution of Cx43 and gap junctions are maintained with practically no change in
intensity profiles detected (Figure 5C, 5D), despite comparable increases in GJA1-43k to LacZ
cells (Figure 1D, E). To complement immunofluorescence studies, we again employed the Triton
X-100 solubility assay to fractionate and quantify junctional GJA1-43k relative to non-junctional
protein 48 h post EMT induction in cell lines expressing LacZ or GJA1-20k. Consistent with our
immunofluorescence data, significantly lower levels of junctional Cx43 occur following TGF-β
stimulation in cells expressing LacZ, while cells expressing GJA1-20k maintained junctional
Cx43 during EMT (Figure 5E, quantified in 5F). These data demonstrate that suppression of
GJA1-20k translation has no apparent effect on EMT induction, but is necessary for limiting gap
junction formation in mesenchymal cells.
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GJA1-20k localizes to the Golgi apparatus and regulates Cx43 hemichannel
oligomerization.
Given that GJA1-20k is known to play a role in GJA1-43k trafficking, we investigated
localization of GJA1-20k/GJA1-43k within sub-cellular compartments of the vesicular transport
pathway. Confocal immunofluorescence microscopy revealed co-localization of V5-epitope
tagged GJA1-20k with the Golgi apparatus marker GM130 (Figure 6A). Direct stochastic optical
reconstruction microscopy (STORM) was employed to localize the Golgi apparatus (GM130) at
sub-diffraction limit resolution with GJA1-43k in cells stably expressing LacZ or GJA1-20k
(Figure 6B-E). Cross pair correlation generates a probability distribution of finding a given
molecule as a function of a given distance from another distinct molecule, with a pair correlation
amplitude of 1 indicating no colocalization between two proteins and higher values indicating a
correlation. Utilizing an antibody directed against the Cx43 cytoplasmic loop, pair correlation
analysis reveals an increase in GJA1-43k colocalization with GM130 following TGF-β
stimulation in cells expressing LacZ, suggesting retention of GJA1-43k in the Golgi apparatus
(Figure 6C). In cells expressing GJA1-20k, however, GJA1-43k colocalization with GM130
remains comparable to that in vehicle treated cells (Figure 6E). GJA1-43k oligomerization into
hexamers at the TGN is a rate limiting step in Cx43 trafficking [36]. Given our GJA1-43k and
GJA1-20k localization data, we hypothesized a role for GJA1-20k in promoting hemichannel
formation, thereby enhancing Golgi exit, transport, and Cx43 gap junction formation during
TGF-β stimulation. We turned to non-denaturing blue NativePAGE gel electrophoresis and
quantified the ratio of hexameric (~ 258 KDa) vs monomeric (43 kDa) Cx43 in cell lines stably
expressing LacZ or GJA1-20k, with and without TGF-β stimulation (Figure 6F, quantified in
6G). Quantification of band intensity by densitometry reveals a modest increase in hexamer
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formation in LacZ cells following EMT induction. GJA1-20k cells however, display significantly
larger increases in hexamer formation than that observed in LacZ control cells (Figure 6G).
Smad3 and ERK1/2 activity are necessary to suppress internal translation of GJA1 mRNA
during TGF-β stimulation.
In order to determine which pathway(s) activated by TGF-β regulate the balance between GJA120k and GJA1-43k, we employed chemical inhibitors targeting protein kinases downstream of
TGF-β signaling. We then measured the ratio of GJA1-20k/GJA1-43k by Western blot after 24
hours of inhibitor treatment with or without the addition of TGF-β. Canonical TGF-β signaling
involves activation of Smad transcription factors in order to modulate gene expression. We used
the chemical inhibitor SIS3 to inhibit phosphorylation of the receptor Smad, Smad3 [37] to ask if
Smad signaling was necessary to suppress internal translation of GJA1-20k. Incubation with
SIS3 combined with TGF-β treatment resulted in a significantly larger ratio of GJA1-20k/GJA143k compared with TGF-β treatment alone. This confirms a role for this arm of TGF-β signaling
in altered translation initiation. TGF-β signaling also activates ERK1/2 independent of Smad
induced transcriptional modulation. We inhibited the map kinases ERK1/2 with the chemical
inhibitor SCH 772984 and found a greater than 9-fold increase in the ratio of GJA1-20k/GJA143k compared with vehicle. When ERK1/2 inhibition is combined with TGF-β treatment there is
a significantly larger ratio of GJA1-20k/GJA1-43k compared with TGF-β treatment alone. In
addition, both p38 MAPK and JNK are activated by TGF-β in a Smad-independent manner. We
employed the chemical inhibitors SB 202190 and SP 600125 to inhibit p38 and JNK,
respectively. Neither p38 nor JNK inhibition combined with TGF-β has a significant effect on
the ratio of GJA1-20k/GJA1-43k when compared with TGF-β treatment alone (Figure 7A,
quantified in Figure 7B). Together, these findings confirm a role for internal translation of GJA1
mRNA in regulation of full-length Cx43 (GJA1-43k) isoform transport and oligomerization,
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therefore controlling trafficking and gap junction formation at the post-transcriptional stage
(Figure 7C).
Discussion
Research on Cx43 and gap junction regulation has historically focused upon
transcription, trafficking, and post-translational modification of the full-length GJA1-43k
protein. The existence of an IRES within the 5’UTR of GJA1 mRNA, together with the recent
finding by several groups that GJA1 mRNA can undergo internal translation, has highlighted
translation initiation as a novel and key regulatory step in Cx43 gap junction regulation [15, 16].
Internal translation of GJA1 mRNA yields N-terminally truncated isoforms, including GJA120k, and their expression influences GJA1-43k localization and gap junction formation.
However, implementation of this dynamic translational regulation by the cell in gap junction
formation and maintenance has yet to be demonstrated. We utilized EMT as a physiologically
relevant model system with which to investigate the role of internal translation and GJA1-20k on
GJA1-43k gap junction formation and maintenance. The process of EMT involves reorganization
of intercellular junctional structures as cells acquire mesenchymal traits [1]. As the primary
means of direct intercellular communication, gap junctions undergo significant remodeling
during this process [4, 38]. In this study, we report that suppression of Gja1 mRNA internal
translation in mesenchymal cells is sufficient to limit gap junction formation.
While the loss of adherens and tight junctions during EMT has been well documented,
data regarding the effects of TGF-β on GJA1 transcription and Cx43 protein levels are
conflicting [30-33, 39, 40]. Electrical conduction between epicardial cells is decreased
significantly during and after EMT, coincident with decreased expression of Cx43 as well as
other gap junction proteins [4]. EMT induction in human kidney cells also results in decreased
GJIC, and again results in decreased Cx43 expression as cells become mesenchymal [31].
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Overexpression of Cx43 in glioma and breast cancer cells results in an epithelial morphology,
supporting a role of Cx43 and gap junctions in maintaining an epithelial phenotype [38, 41].
Tumor suppressive properties of Cx43 have been documented in a number of contexts beyond
EMT, and Cx43 expression is downregulated in many human cancers [42-44]. Ectopic
expression of Cx43 in colon cancer epithelial cells does not appear to form gap junctions but
limits cancer cell growth by antagonizing apoptotic pathways [44]. In contrast, other studies have
reported induction of Cx43 expression during EMT and associated high levels of Cx43 with
more invasive and migratory cells [32, 40, 45, 46]. Finally, overexpression of connexins has
been associated with inhibition of EMT in hepatocellular and lung carcinoma cell populations
resistant to chemotherapeutic agents [47, 48]. Together with our work revealing lack of
correlation between Cx43 protein, RNA levels, and gap junction formation, this highlights the
complexity of connexin biology during EMT progression and the contribution of translational
regulation.
Based on our data, the question remains as to why mesenchymal cells must harbor such
high levels of intracellular GJA1-43k relative to gap junctional GJA1-43k. Interestingly, we did
not observe complete gap junction dissolution in mesenchymal cells, although gap junctions
were less dense and more punctate than in epithelial cells. Non-channel/junctional functions for
Cx43 have been reported where intracellular localization is sufficient to negatively regulate cell
cycle progression and participate in cytoskeleton nucleation [49, 50]. Indeed, cell proliferation is
suppressed during TGF-β-induced EMT and intracellular GJA1-43k may play a role here [51].
The existence of internally translated Cx43 isoforms which encompass the C-terminus further
complicates interrogation of this biology, as many non-junctional functions of Cx43 have been
attributed its C-terminus. The Cx43 C-terminus alone is sufficient to restore actin mediated Bcell spreading and adhesion, and the cytoskeleton plays an essential role in migration of
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mesenchymal cells [52, 53]. In addition to intercellular communication, gap junction
maintenance may assist in cell migration where the adhesive properties of gap junction channels
have previously been shown as necessary for cell motility [8, 54]. Importantly, such high levels
of intracellular GJA1-43k demonstrate that transport is not constitutive and that a post
transcriptional mechanism is therefore in place to limit gap junction formation irrespective of
GJA1-43k protein levels.
Activation of the Smad-independent mTOR pathway is known to suppress internal
translation of the GJA1 transcript [16]. In this study, we investigated pathways upstream and
independent of mTOR. The TGF-β receptor rapidly activate ERK1/2 signaling through
recruitment and phosphorylation of ShcA [55]. TGF-β also activates TAK1, independent of its
receptor kinase activity, leading to activation of the MAP kinases p38 and JNK [1-3]. Following
chemical inhibition of ERK1/2 signaling, but not that of p38 or JNK, we report a significant
increase in the ratio of GJA1-20k to GJA1-43k. ERK1/2 signaling is necessary for TGF-β
induced EMT further suggesting a role for internal translation of GJA1 in EMT [56]. Of
relevance, ERK pathway activation promotes canonical translation through ribosomal protein S6
phosphorylation [57]. Our findings are also consistent with previous reports that Mnk1/2
suppresses GJA1-20k translation as ERK activation is upstream of Mnk activation [58]. We find
inhibition of Smad3 activity with the inhibitor SIS3 also rescues GJA1-20k expression, implying
transcriptional effects may also regulate GJA1 translation, such as alternate UTR usage.
However, our data in Figure 1C, in which we overexpress the coding sequence of GJA1 alone,
support a dominant shift in cellular processes regulating translation initiation independent of
changes to the mRNA. Moreover, internal translation of an independent mRNA transcript,
paxillin (Pxn), has also been reported in EMT, suggesting a global shift in translation initiation
during TGF-β-induced EMT [13]. Given the role of paxillin in EMT through focal adhesion
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formation, it is tempting to speculate that an entire ‘non-junctional’ mesenchymal and motile
phenotype may be affected through suppression of internal translation relevant mRNA families
[59].
Direct post-translational modification through phosphorylation of the GJA1-43k Cterminus is known to promote gap junction internalization and degradation of GJA1-43k [60-62].
A phosphorylation cascade encompassing Akt, PKC, and MAPK converges at the GJA1-43k Cterminus to effect internalization from the plasma membrane [60]. Indeed, alterations in GJA143k phosphoisoforms are observed in our biochemical solubility studies where we find reduced
junctional GJA1-43k in mesenchymal cells. Together with our localization data and the fact that
we report GJA1-43k is stabilized during TGF-β induced EMT however, it seems probable that
GJA1-43k predominantly remains within intracellular compartments in these cells, the majority
most likely not having reached the cell surface where such phosphorylation events are
understood to occur. Moreover, the internalization of gap junctions occurs rapidly after
activation of growth factor signaling cascades and so may play a role in dissolution of gap
junctions earlier in the EMT process than the 48-72 h time points examined in this study [60, 63,
64].
Oligomerization of GJA1-43k into hemichannels occurs at the TGN, later in the vesicular
transport pathway than most ion channels [36]. Only two proteins are known to interact with
GJA1-43k in the ER/Golgi and regulate its transport. ERP29 interacts with GJA1-43k within the
ER preventing premature oligomerization, and the GTPase Rab20 can also regulate Cx43
transport from the ER [65, 66]. Previous findings demonstrated that GJA1-20k resides in the
ER/Golgi, interacts with GJA1-43k, and regulates gap junction formation [16]. Recently, GJA120k has been localized to the mitochondria, where immunogold electron microscopy revealed
GJA1-20k at the microtubule/mitochondria interface in addition to ER/Golgi. Here, we have
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utilized confocal microscopy to confirm localization GJA1-20k to the Golgi apparatus.
Therefore, GJA1-20k may complement ERP29/Rab20 activity by chaperoning GJA1-43k
through the Golgi apparatus transport pathway, spatially and temporally regulating Cx43
hemichannel oligomerization and vesicular loading at the TGN. The stoichiometry of GJA143k/GJA1-20k is difficult to measure in the biochemical assays herein, but it does seem that
relatively low levels of GJA1-20k are sufficient to promote GJA1-43k transport. Given that
GJA1-20k has not been detected on the cell surface and resides primarily within the Golgi
apparatus it is likely that one GJA1-20k molecule may interact transiently with several GJA143k monomers/hemichannel intermediates as they pass through the Golgi apparatus.
As a membrane channel, Cx43 hemichannels can exchange molecules such as ATP and
glutamate with the extracellular milieu in addition to its more established function as a gap
junction [67, 68]. While our biochemical Triton X-100 solubility findings demonstrate a relative
reduction in Cx43 gap junction formation during EMT, they do not exclude the possibility of
increased surface hemichannel expression. Accrual of surface Cx43 hemichannels into gap
junction structures is limited by binding of the C-terminus to ZO-1, a scaffolding protein
downregulated during TGF-β-induced EMT [69]. Therefore, in mesenchymal cells we would
expect the absence of negative regulation of gap junction accretion by ZO-1, but did not observe
increases in gap junction size with TGF-β stimulation. Furthermore, data presented in Figures 3
and 6 show that TGF-β stimulation alters Cx43 protein stability and oligomerization, which are
key limiting steps in the trafficking of hemichannels to the cell surface. These findings, together
with previous studies indicating GJA1-20k expression is restricted to intercellular compartments,
lead us to conclude that the observed increases in soluble GJA1-43k is primarily intracellular.
The role of Cx43 internally translated isoforms in regulation of surface hemichannel activity
and/or accrual into gap junctions, however, is an interesting topic of future research.
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Several internally translated isoforms of Cx43 have been detected in addition to GJA120k [16]. In this study, we focus on GJA1-20k as the most predominantly expressed isoform but
given that all three preceding methionine codons (M100, 125, and 147) must also be mutated to
limit GJA1-43k trafficking, some redundancy in function is likely to exist between these
molecules [16]. The Cx43 C-terminal truncation mutant does not display perturbed trafficking
[70-72], but would encode all four isoforms mentioned above also lacking their C-termini.
Intriguingly this may point toward the fourth transmembrane domain of Cx43, which is intact in
this mutant and contained in GJA1-20k as most important in regulation of GJA1-43k transport.
Together, our data indicate that levels of GJA1-20k provide a means for the cell to fine-tune
Cx43 hemichannel oligomerization and thus gap junctions rapidly at the post-transcriptional
level. Indeed, pathological Cx43 remodeling in the heart during ischemia can be prevented
through actin stabilization by ectopic GJA1-20k expression, suggesting internal translation is a
common pathway for gap junction regulation across diverse cell types and tissues [25].
At least 600 human genes are now understood to undergo alternate mechanisms of
translation initiation and this study supports the importance of this biological process in health
and disease [22, 24, 73]. Regulation of translation initiation can be thought of globally; whereby
signal transduction cascades can shunt the entire translational landscape of the cell, or genespecifically; where alternate promoter usage/splicing can lead to changes in specific mRNAs and
render them subject to such translation initiation. Our data reveal that a shift in the translational
landscape of the cell occurs during EMT affecting the proteome and contributing to alterations in
gap junction formation. This suggests a potent mechanism whereby the cell can rapidly regulate
Cx43 transport and gap junction formation at the point of GJA1-20k translation, without
inducing transcription of mRNA or synthesis of full-length GJA1-43k.
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Figure 2.1: TGF-β treatment induces EMT and suppresses internal translation
of Gja1 mRNA. NMuMG cells were treated with 2 ng/ml TGF-β for 48 h to induce EMT. A)
Phase contrast microscopy of NMuMG cells ×20. B) Western blot of cell lysates probed with
Cx43 C-terminal antibody to detect full-length GJA1-43k and internally translated GJA1-20k. αTubulin serves as loading control. C) Quantification of GJA1-20k band intensity relative to
GJA1-43k from B. D) Stable pools of NMuMG cells transduced with pLenti6.3-LacZ, pLenti6.3GJA1, or pLenti6.3-GJA1-20k were treated with vehicle, 2 ng/ml TGF-β, 5 μM SB431542, or
TGF-β + SB431542 for 48 h. Western blot of cell lysates probed with Cx43 C-terminal antibody
to detect full-length GJA1-43k and GJA1-20k. Arrows indicate TGF-β treated samples; GAPDH
serves as loading control. E) Quantification of GJA1-20k band intensity relative to GJA1-43k
from D. Graphs represent mean ± SEM. Statistical analysis performed using the Student’s t test
(C, n = 3) and one-way analysis of variance (ANOVA) with Tukey’s multiple comparison
posttest (E, n = 3). *p ≤ 0.05.
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Figure 2.2: Cytosolic enrichment of Cx43 occurs during TGF-β–induced EMT. NMuMG
cells were treated with 2 ng/ml TGF-β for 48 h to induce EMT before fixation for
immunofluorescence analysis or protein harvesting for solubility assay and Western blot. A)
Fixed cell confocal immunofluorescence (×100) of cells labeled with an antibody directed
against the Cx43 C-terminus (green) with borders detected using E-cadherin in vehicle-treated
cells (red) and N-cadherin in TGF-β–treated cells (red). Cx43 depicted in white in monochrome
images with zoom of cell border shown below. Nuclei counterstained with DAPI (blue). Scale
bar: 20 μm. B) Western blots of total, soluble (nonjunctional), and insoluble (junctional) GJA143k following fractionation using the 1% Triton X-100 solubility assay. C) Quantification of
insoluble (junctional) GJA1-43k band intensity relative to soluble (nonjunctional) GJA1-43k
from B (n = 3). Graphs represent mean ± SEM. Statistical analysis performed using the
Student’s t test. *p ≤ 0.05.
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Figure 2.3: Levels of GJA1-43k protein and Gja1 transcript increase during TGF-β–
induced EMT and GJA1-43k is stabilized. NMuMG cells were treated with vehicle, 2 ng/ml
TGF-β, 5 μM SB431542 (SB), or TGF-β + SB431542 and sampled at 24, 48, and 72 h after
stimulation for Western blot and RT-qPCR. A) Western blot of GJA1-43k in NMuMG cells after
treatment (left panels) with α-tubulin serving as loading control (right panels). B) Quantification
of GJA1-43k band intensity relative to α-tubulin from A. C) qRT-PCR of Gja1 mRNA levels
after treatment relative to vehicle at 24, 48, and 72 h after treatment (n = 6). D) Western blot of
total GJA1-43k and TAMRA pulsed GJA1-43k in NMuMG cells following 48 h treatment with
vehicle or TGF-β. Time points indicate hours after pulse with TAMRA alkyne. E) GJA1-43k
exponential decay curves of blots described in E; vehicle t1/2 = 1.3 h, TGF-β t1/2 = 2.0 h (n = 3).
Graphs represent mean ± SEM. Statistical analysis performed using one-way ANOVA with
Tukey’s multiple comparison posttest (B, n = 3; C, n = 5). *p ≤ 0.05; **p ≤ 0.01.
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Figure 2.4: NMuMG cells transduced with pLenti6.3-LacZ or pLenti6.3-GJA1-20k undergo
EMT. Stable NMuMG cells transduced with pLenti6.3-LacZ or pLenti6.3-GJA1-20k were
treated with vehicle, 2 ng/ml TGF-β, 5 μM SB431542 (SB), or TGF-β + SB431542 for 48 h. A)
Phase contrast microscopy at 48 h after stimulation, ×20. Scale bar: 100 μm. B) Fixed cell
confocal immunofluorescence (×100) of cells labeled with antibody directed against EMT
markers actin (red) and fibronectin (green). Nuclei counterstained with DAPI (blue). Scale bar:
20 μm. C) Western blot probed for EMT markers fibronectin and N-cadherin with α-tubulin
serving as loading control. D) Quantification of Western blot band intensity in C. Graphs
represent mean ± SEM. Statistical analysis performed using one-way ANOVA with Tukey’s
multiple comparison posttest (n = 3). ns: p value not significant.
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Figure 2.5: Ectopic stable expression of GJA1-20k rescues gap junction loss during TGF-β–
induced EMT. Stable NMuMG cells were treated with vehicle or TGF-β for 48 h and
subsequently fixed for confocal immunofluorescence imaging. A) Cells stably expressing
pLenti6.3-LacZ labeled for GJA1-43k with antibody directed against the Cx43 cytoplasmic loop
(green) to prevent labeling for GJA1-20k. Cell borders are identified with pan-cadherin (red) and
nuclei counterstained with DAPI (blue). B) Quantification of average fluorescence intensity
profiles of 7-μm lines bisecting, and perpendicular to, cell–cell borders from confocal
microscopy maximum intensity projections. Three cell–cell borders per image, n = 11 images. C)
Cells stably expressing pLenti6.3-GJA1-20k labeled for GJA1-43k with antibody directed
against the Cx43 cytoplasmic loop (green). Cell borders are identified with pan-cadherin (red)
and nuclei counterstained with DAPI. D) Quantification of average fluorescence intensity
profiles as in B. E) Western blots of total (T), soluble (S; nonjunctional), and insoluble (I;
junctional) GJA1-43k following fractionation using the 1% Triton X-100 solubility assay in
NMuMG cells transduced with pLenti6.3-LacZ or pLenti6.3-GJA1-20k. Cells were treated with
vehicle or TGF-β for 48 h. F) Quantification of insoluble (junctional) GJA1-43k band intensity
relative to soluble (nonjunctional) GJA1-43k from E (n = 5). Graphs represent mean ± SEM.
Statistical analysis performed using the Student’s t test. *p ≤ 0.05; ****p ≤ 0.0001.
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Figure 2.6: GJA1-20k promotes GJA1-43k oligomerization and release from the Golgi
apparatus. NMuMG cells were transfected with C-terminally V5 tagged GJA1-20k and
subsequently fixed for confocal immunofluorescence imaging. A) Fixed cell confocal
immunofluorescence (×100) of NMuMG cells 24 h posttransfection. The Golgi apparatus is
labeled with an antibody directed against GM130 (green) and GJA1-20k detected with antibody
directed against the V5 epitope tag (red). B, D) Stable NMuMG cells transduced with pLenti6.3LacZ or pLenti6.3-GJA1-20k were treated with vehicle or TGF-β for 48 h and subsequently
fixed for superresolution immunofluorescence imaging. 3D STORM imaging detecting GJA143k (green) and GM130 (pink) with localizations depicted as 50-nm point clouds in an x-y crosssection. Scale bars: 2 µm. C, E) Cross-pair correlation functions for GJA1-43k and GM130 from
stable NMuMG cells treated with vehicle (black) or TGF-β (red). Graphs represent mean ±
SEM, n = 10 cells. F) Western blot of blue NativePAGE probed for Cx43 hexamers (∼258 kDa)
and monomers (∼43 kDa). (G) Quantification of Western blot band intensity in F (n = 5). Graphs
represent mean ± SEM. Statistical analysis performed using the Student’s t test. *p ≤ 0.05; **p ≤
0.01.
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Figure 2.7: TGF-β activates Smad and ERK signaling to alter translation initiation and
limit gap junction formation during EMT. NMuMG cells were treated with vehicle (veh;
DMSO), 10 µM SIS3, 20 µM SB 202190 (SB2), 20 µM SP 600125 (SP6), or 0.1 µM SCH
772984 (SCH), for 15 min followed by the addition of 2 ng/ml TGF-β for 24 h. (A) Western blot
of cell lysates probed with Cx43 C-terminal antibody to detect full-length GJA1-43k and
internally translated GJA1-20k. (B) Quantification of GJA1-20k band intensity relative to GJA143k from A. (C) Schematic illustrating suppression of GJA1-20k translation during TGF-β–
induced EMT to limit GJA1-43k oligomerization and gap junction formation. Graph represents
mean ± SEM. Statistical analysis performed using one-way ANOVA with Dunnett’s multiple
comparison posttest (B, n = 5–7). ***p ≤ 0.0005; ****p ≤ 0.0001.
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Abstract
Translation of cellular mRNAs into protein occurs via a canonical pathway in which the
ribosome is recruited by the mRNA 5’ cap and eukaryotic initiation factors, or a number of
“alternative” non-canonical pathways of translation initiation. Alternative translation initiation
can allow the synthesis of multiple proteins from a single gene. The GJA1 mRNA encoding the
gap junction protein Cx43 undergoes alternative translation to generate a truncated protein
isoform termed GJA1-20k. The ratio of Cx43:GJA1-20k is dynamically regulated in response to
stimulation with the growth factor TGF-β, and alterations in this ratio are sufficient to regulate
Cx43 gap junction disassembly and intercellular communication. To determine if changes in
translation initiation of GJA1 is a conserved mechanism by which gap junctions are altered, we
exposed mammalian cells to hypoxia and found that GJA1-20k expression is suppressed
coincident with gap junction loss. This result demonstrates the importance of translational
regulation of GJA1, however the mechanism by which GJA1 translation is regulated is unknown.
RNA binding proteins (RBPs) regulate many steps of the RNA life cycle including translation,
and the RBP IMP1 has been shown to stimulate alternative translation initiation from other
cellular mRNAs. To determine if IMP1 is bound to the GJA1 mRNA to regulate translation
initiation, an MS2 RNA aptamer tagging system was adapted to isolate GJA1 mRNA with
associated RBPs. We find the RNA binding protein IMP1 is sensitive to hypoxic stress and
complexes with GJA1 mRNA, where it is necessary for alternative translation to generate GJA120k. We have demonstrated alterations in translation initiation of the GJA1 mRNA as a
conserved mechanism by which cells modulate Cx43 gap junctional coupling in changing
conditions and identified IMP1 as a novel regulator of this process in mammalian cells.
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Introduction
The cellular proteome is governed by coordination of gene expression, protein synthesis,
and degradation. The abundance of messenger RNAs encoding a given protein within the cell
has historically served as a proxy for protein expression, with mRNA translation believed to
make minimal contributions to protein availability. Modifying the translational program allows a
rapid response to extracellular signals, and is increasingly appreciated as a central mechanism by
which this delicate balance is regulated. Translation of mRNAs into protein occurs in the cytosol
and is catalyzed by the ribosome, and is initiated upon the formation of a tRNA charged 80S
elongation competent ribosome. In eukaryotes, this primarily occurs via recognition of the
mRNA 5’ cap and binding of a host of initiation factors that recruit the 43S small ribosomal
subunit to form the preinitiation complex [1]. This complex scans the mRNA’s 5’ untranslated
region (UTR) and upon arriving at an initiation codon, is bound by the large ribosomal subunit
and translation is initiated [1].
The canonical model of eukaryotic translation initiation is now understood to coexist with
many non-canonical “alternative” mechanisms of translation initiation, featuring alternative
mechanisms of ribosome recruitment to the mRNA as well as initiation of translation from noncanonical start sites [2, 3]. Recent studies have revealed a number of these alternative translation
initiation events generate previously unknown protein isoforms with distinct functions from
those translated via canonical initiation from the same mRNA [4, 5]. The GJA1 mRNA encoding
the gap junction protein Cx43 undergoes alternative translation to generate an N-terminally
truncated protein isoform termed GJA1-20k [4]. Cx43 forms gap junction channels allowing
direct intercellular communication, and the alternative translation product GJA1-20k is necessary
for Cx43 gap junction formation. Our previous work has demonstrated alternative translation of
GJA1 is suppressed during epithelial-mesenchymal transition (EMT) and this is a necessary step
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for Cx43 gap junction loss during this process [6]. EMT is a cellular trans-differentiation
necessary for development and wound healing, and reactivated during cancer metastasis [7].
Given the role of alternative translation of Gja1 during EMT induced gap junction loss, we
hypothesized that expresion of GJA1-20k is suppressed in response to other pathological
stressors. Limited oxygen availability to tissues and cells is common to many forms of disease
including solid tumor cancers and cardiometabolic diseases [8, 9] Hypoxia is known to disrupt
gap junctional intercellular coupling, leading us to hypothesize suppression of alternative
translation of GJA1 occurs during hypoxia and is a conserved mechanism by which gap junction
formation is decreased in diseased tissue [10].
Suppression of alternative translation initiation from an internal start codon in response to
extracellular signals indicates dynamic regulation of GJA1 translation initiation sites, however
factors regulating GJA1 translation are unknown. Immediately upon transcription, cellular
mRNAs are bound by RNA binding proteins (RBPs) that modulate every step of the mRNA life
cycle from splicing to degradation and turnover [11]. Many alternative mechanisms of
translation initiation are dependent upon RBPs for recruitment of the ribosome and selection of
initiation start site [12, 13]. The RBP IGF 2 mRNA binding protein 1 (IMP1) activates
alternative translation of the IGF2 and cIAP1 mRNAs through a cap-independent mechanism
and its expression is sensitive to hypoxia in metastatic cancer cells [14, 15]. To determine if
IMP1 is an RBP regulating GJA1 translation initiation during hypoxia, we adapted an MS2
aptamer system to tag GJA1 mRNAs and affinity purify them with associated RBPs. The MS2
aptamer is a series of nucleotide stem-loops that bind with high affinity to the viral MS2 coat
protein. This interaction has previously been exploited to tag and affinity purify cellular mRNAs,
however these strategies require crosslinking and utilize an MS2 aptamer known to alter mRNA
stability [16, 17]. We have adapted an MS2 aptamer tag termed MBSV5 recently developed for
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mRNA imaging by Wu et al. [18] and designed a protocol to perform affinity purification of
native, un-crosslinked mRNA-protein complexes. With this approach, we identify the RBP IGF
2 mRNA binding protein 1 (IMP1) as a novel binding partner of GJA1. IMP1 expression is
sensitive to hypoxic stress and affinity purification of GJA1 from cells exposed to hypoxia
demonstrates decreased association of IMP1 with GJA1 during hypoxia. Finally, using short
hairpin (sh) RNA targeting IMP1, we find that IMP1 expression is necessary for alternative
translation of GJA1.
Materials and Methods
Cell culture and transfection
NMuMG cells were a kind gift from Prof. Rik Derynck (University of California San Francisco).
NMuMG and 293FT cells were maintained in DMEM + sodium pyruvate (Gennessee Scientific)
supplemented with 10% FBS, non-essential amino acids (ThermoScientific), and MycoZAP
(Lonza) to prevent mycoplasma contamination. Cells were maintained in humidified incubators
at 37°C and 5% CO2. For experiments, cells were plated at 1.5 x 104 cells/cm2 in 35 mm glass
bottom dishes (Cellvis) for imaging or 6-well dishes for transfection and protein harvesting. All
transfections were performed using Lipofectamine3000 (ThermoScientific) per manufacturer’s
instructions and cells harvested 24 h post transfection for western blotting. For all MS2
experiments, cells were harvested for pull down or fixed for imaging 14 h post transfection.
MS2 aptamer affinity purification of mRNAs
293FT cells in 100 mm dishes were transfected with 2.5 µg pMS2-GFP-SBP or GW-CAT and
7.5 µg MBSV5 tagged RNA. 14 h post transfection, plates were rinsed on ice in DPBS
(Genessee Scientific) and cells scraped into 250 µL MS2 lysis buffer (50 mM Tris-HCl, 1%
Triton X-100, 150 mM NaCl, 1.8 mM MgCl2, 1 mM DTT) supplemented at use with protease
inhibitor cocktail (Sigma) and 200 units/µL RNAsin (Promega). Lysates were incubated on ice
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for 5 m prior to homogenization by passage through a 26g needle 5 times. After centrifugation at
720 xg for 5 m at 4°C, supernatants were removed to a fresh tube and centrifuged again at 10 K
xg for 20 m at 4°C. Supernatant was removed to a fresh tube and total protein concentration
quantified using the BioRad DC Protein Assay (BioRad). Lysates were normalized to uniform
concentrations and 10% of the total volume removed for RNA and protein input. Avidin was
added to lysates at 1 ul/1 mg total protein and lysates rotated at 4°C for 1h. In parallel,
streptavidin coated Dynabeads (ThermoScientific) were washed 3 times before resuspension in
500 µL MS2 lysis buffer. 500 µL of 4% BSA in MS2 lysis buffer and 10 µL yeast transfer RNA
(tRNA; Sigma) were added and beads rotated at 4°C for 1 h. After blocking beads were washed
twice in MS2 lysis buffer and resuspended in MS2 lysis buffer supplemented with RNAsin.
Beads were added to avidin blocked lysates with 10 µL yeast tRNA. Pull down reactions were
rotated for 2 h at 4°C. After pull down spent lysate was removed and beads washed 4 times in
MS2 lysis buffer. RNA-protein complexes were eluted by addition of 80 µL biotin solution (6
mM in PBS; Sigma). Beads were rotated in elution solution for 1 h at 4°C, and supernatant
containing RNA-protein complexes removed to a fresh tube. Eluate was separated for RNA
purification and western blotting. 4X LDS sample buffer with DTT (400 mM) was added to the
eluate and western blotting performed as described below, or RNA purified and reverse
transcribed for PCR as described below.
Western blotting
Cells were lysed in RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 1% sodium deoxycholate, 2 mM NaF, 200 μM Na3VO4) supplemented with HALT
Protease and Phosphatase Inhibitor Cocktail (ThermoScientific) and Western blotting conducted
as previously described [19]. Briefly, cells were sonicated after scraping into RIPA buffer and
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clarified by centrifugation at 10 K xg for 20 m at 4°C. Total protein concentration was quantified
using the BioRad DC Protein Assay and lysates normalized to uniform concentrations. 4X LDS
sample buffer with DTT (400 mM; ThermoScientific) was added to normalized lysates. Samples
were denatured at 70°C for 10 m and subjected to SDS-PAGE. Western blotting was performed
using the following primary antibodies: rabbit anti-Cx43 (1:3000; Sigma), mouse anti-α-tubulin
(1:3000; Sigma), rabbit anti-IMP1 (1:1000; CST), mouse anti-GFP (1:5000; ProteinTech).
Secondary antibodies raised in goat conjugated to AlexaFluor 555 and AlexaFluor 647 were used
at 1:5000 for detection of primary antibodies and membranes imaged on a ChemiDoc MP
(BioRad).
Immunofluorescence
For all imaging experiments cells were fixed for 20 m in 4% paraformaldehyde at room
temperature. Immunostaining was performed as previously described with the following primary
antibodies [19]: rabbit anti-Cx43 (1:2000; Sigma), mouse anti N-cadherin (1:200: BD
Biosciences), rabbit anti-IMP1 (1:1000; CST), mouse anti-GFP (1:5000; ProteinTech).
Secondary antibodies used were goat anti-rabbit AlexaFluor488 and anti-mouse AlexaFluor647
(ThermoScientific; 1:500).
Lentiviral transduction
Mission shRNA vectors targeting human IMP1 or a non-targeting shRNA sequence were
obtained from Sigma. Lentiviruses packaging these constructs were created per manufacturer’s
instructions (ViraPower Lentiviral Expression System; ThermoScientific). Titered and
normalized viruses were used to infect NMuMG cells plated in 6-well dishes in the presence of
hexadimethrine bromide (4 µg/mL; Sigma) at an MOI of 10. After 48 h, cells were split 1:40 into
100 mm dishes and 5 µg/mL Puromycin added to medium for selection. Medium was changed
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every two days and healthy colonies picked using cloning rings (Scienceware). Clones were
expanded and screened for protein knock down via western blotting.
Molecular Biology
pUBC-ActB-MBSV5 and pMS2-GFP were kind gifts from Dr. Robert Singer (Albert Einstein
College of Medicine). Inverse PCR was performed to linearize pUBC-ActB-MBSV5 and remove
ActB generating pUBC-MBSV5 (Forward primer
TAGTCCACCATGGGCATGGATGAAAAAACTACTGGATGGAGAG, reverse primer
AACGGCTAGCATATGTTATGGTTCTCTCTGTCCTTGAGGATGATGC). The human GJA1
coding sequence with or without untranslated regions was PCR amplified from GJA1 cDNA (GE
Dharmacon) and inserted into pUBC-MBSV5 using InFusion Cloning (Takara Biosciences) to
generate pUBC-GJA1-MBSV5 (Forward primer cgtcacttggcggcccttctagcccctcctcccag, Reverse
primer agtccgcctagctagctagatctccaggtcatcaggcc). To create pMS2-SBP-GFP, pMS2-GFP was
digested with NotI and NheI to remove the HA tag present on the MS2 fusion protein. The
streptavidin binding protein (SBP) sequence was PCR amplified from pcDNA4-MS2CP-SBP
and inserted into digested pMS2-GFP using InFusion cloning (Forward primer
TAGTCCACCATGGGCATGGATGAAAAAACTACTGGATGGAGAG, reverse primer
AACGGCTAGCATATGTTATGGTTCTCTCTGTCCTTGAGGATGATGC). pcDNA4MS2CP-SBP was a kind gift of Dr. Jeffrey Gerst (Weizzman Institute). Mission shRNA
constructs targeting IMP1 (TRC#0000218799) and a non-silencing shRNA sequence were
obtained from MilliporeSigma. All recombinant DNA constructs were verified by Sanger
sequencing.
RNA Immunoprecipitation
NMuMG cells were scraped into 400 ul/100 mm plate RIP lysis buffer (5% NP-40, 100 mM
KCl, 120 mM MgCl2, 50 mM Tris-HCl, 1 mM DTT) supplemented at use with protease
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inhibitors and 200 U/ml RNAsin (Promega) and lysed for 5 min on ice. Lysates were
homogenized by passage through a 26 g needle 5 times and clarified by centrifugation at 10K xg
for 20 min. Supernatant was removed to a fresh tube and 10% of total volume removed for input.
Lysates were rotated with Protein G coated dynabeads for 30 min at 4°C. Beads were discarded
and precleared lysate incubated with rabbit anti-IMP1 (CST) or rabbit IgG (Novus Biologicals)
for 1.5 h at 4°C. Protein G coated dynabeads were added to each reaction and rotated for 1 h at
4°C. Beads were washed 4 x 5 m in RIP lysis buffer and resuspended in 500 uL TriZol Reagent
(ThermoScientific). RNA was purified and reverse transcribed per manufacturer’s instructions
using iScript Reverse Transcription Supermix (BioRad). PCR was performed using primers
listed above and AmpliTaq 360 Gold PCR MasterMix (ThermoScientific).
Results
Translation initiation of GJA1 is dynamically regulated during hypoxia
To determine the effect of hypoxia on translation of Gja1, NMuMG cells were subjected to 48 h
of hypoxia at 1% O2. Cx43 and the alternative translation product GJA1-20k can be detected via
western blot using an antibody directed against the Cx43 C-terminus. We find that while
translation of Cx43 is maintained during hypoxia, GJA1-20k expression is significantly reduced
during hypoxia (Fig. 1A, quantified in 1B). This is coincident with loss of Cx43 gap junctions
detected via confocal immunofluorescence microscopy (Fig. 1C). These data demonstrate
alterations in translation of Gja1 occur during hypoxia and may regulate gap junctional coupling.
Isolation and localization of mRNA in situ using a modified MS2 aptamer system
Wu et al. [18] designed an MS2 stem-loop aptamer in which the 24 MS2 stem-loop nucleotide
(MS2-24XL) repeats were replaced with a series of synonymous stem loops encoded by nonrepetitive nucleotide sequences. This adapted aptamer termed MBSV5 is more stable in host
mammalian and bacterial cells, in which the traditional MS2-24XL repeats are prone to
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truncation and deletion events and alter mRNA stability. This MBSV5 construct has been
utilized for imaging with the pMS2-GFP construct encoding the viral MS2 coat protein with a
GFP tag [20]. To modify this system for affinity purification of RNA-protein complexes, we
cloned a streptavidin binding protein from Gerst et al. [17] into pMS2-GFP to generate pMS2GFP-SBP. When expressed with an MBSV5 tagged mRNA, this pMS2-GFP-SBP binds the
mRNA and can be purified using streptavidin coated beads to pull down RNA-protein complexes
(Fig. 2A). We first sought to detect a known RNA-protein interaction between IMP1 and its
known binding partner ActB, the mRNA encoding b-actin [21, 22]. Affinity purification of
MBSV5 tagged ActB pulled down IMP1 when co-expressed with the MS2-GFP-SBP fusion
protein. Lack of detectable IMP1 in cells expressing MBSV5 ActB or MS2-GFP-SBP alone
demonstrates specificity of RNA pull down (Fig. 2B). Presence of GFP in pull downs from cells
expression MS2-GFP-SBP demonstrates successful pull down of the fusion protein (Fig. 2B).
The MS2-GFP-SBP fusion protein bears a nuclear localization sequence (NLS) and translocation
of GFP out of the nucleus can be used to confirm binding of tagged RNA by MS2-GFP-SBP.
Confocal immunofluorescence microscopy detecting the MS2-GFP-SBP protein reveals
translocation of GFP signal out of the nucleus, indicating RNA binding (Fig. 2C).
Detection of a novel binding partner of GJA1
To identify regulators of GJA1 translation initiation, we generated a GJA1 mRNA bearing the
MBSV5 tag (Fig. 3A). GJA1 MBSV5 was expressed with MS2-GFP-SBP to detect RNA-protein
interactions, and pcDNA3.2-GWCAT as a negative control. GJA1 MBSV5 protein complexes
were purified and western blotting performed. Probing for IMP1 revealed this RBP as a binding
partner of GJA1 (Fig. 3A). The GJA1 coding sequence (CDS) is sufficient to express GJA1-20k,
leading us to hypothesize an RBP necessary for GJA1 alternative translation would be recruited
to the CDS alone. We performed affinity purification of GJA1 CDS and found this sequence is
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sufficient to recruit IMP1, supporting a role for this protein in alternative translation of GJA1.
We employed RNA immunoprecipitation (RIP) of IMP1 to further validate this interaction, and
detected Gja1 and ActB via reverse transcription-PCR (Fig. 3E). Together, these data
demonstrate use of MS2 aptamer affinity purification to identify IMP1 as a previously unknown
RBP that is present on the GJA1 mRNA in mammalian cells.
IMP1 is suppressed during hypoxia and is necessary for expression of GJA1-20k
In Figures 1 and 3 we demonstrated that alternative translation of GJA1 to generate GJA1-20k is
suppressed during hypoxia and IMP1 is bound to the GJA1 mRNA. We hypothesized IMP1
expression may be sensitive to hypoxia and thus suppress GJA1-20k expression. We find that
following 48 h of hypoxia IMP1 expression is significantly reduced in NMuMG cells (Fig. 4A).
To test if loss of IMP1 is sufficient to alter translation of GJA1, we used lentiviral transduction to
generate a clonal NMuMG cell line stably expressing shRNA targeting IMP1, or a non-targeting
shRNA control (Fig. 4B). Alternative translation initiation is significantly reduced in these cells
as detected by western blot of Cx43 and GJA1-20k (Fig. 4C). Having demonstrated IMP1 is
necessary for alternative translation, we hypothesized IMP1 association with GJA1 is decreased
in response to hypoxia. We performed affinity purification of MBSV5 tagged GJA1 mRNA in
cells exposed to 14 hr of 1% O2. 14 hr of hypoxic stress is sufficient to decrease association of
IMP1 with GJA1. Taken together, these data support a role for IMP1 in regulating alternative
translation of GJA1 during hypoxic stress.
Discussion
Research has historically focused on transcriptional and post translational modifications
of Cx43 in understanding gap junction regulation. The ability of GJA1, the mRNA encoding
Cx43, to undergo alternative translation initiation to generate the truncated protein isoform
GJA1-20k has now been demonstrated by several groups [4, 23, 24]. These studies have
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indicated translation initiation and GJA1-20k expression as key regulatory steps in Cx43 gap
junction formation and maintenance. Previous work by our lab has demonstrated alterations in
GJA1 translation initiation as a mechanism by which Cx43 gap junctions are downregulated
during TGF-b induced EMT [6]. GJA1-20k is significantly decreased during TGF-b stimulation
and this suppression of GJA1 alternative translation is necessary for TGF-b induced gap junction
loss. Here, we show GJA1-20k expression is suppressed in response to hypoxia, coincident with
Cx43 gap junction remodeling. This suggests regulation of alternative translation of GJA1 is a
conserved mechanism by which Cx43 gap junctions are downregulated in response to
extracellular stressors. We have identified IMP1 as an RBP that binds to GJA1 and is necessary
for alternative translation of GJA1-20k. IMP1 binding to GJA1 is altered during hypoxia and
supports a role for this protein in regulating its translation in response to hypoxic stress.
Previous studies have demonstrated loss of Cx43 gap junctions during hypoxia despite no
changes in transcript or protein expression in neonatal rat cardiac myocytes and astrocytes [25,
26]. Our work has shown similar gap junction remodeling occurring independently of decreases
in Cx43 protein and transcript expression with TGF-b stimulation [6]. Hypoxia and TGF-b
impinge upon similar signaling pathways including mTORC1 [27]. Indeed, hypoxia can activate
EMT in some conditions and cell types [10]. EMT induction was not investigated in this study,
however these stressors may act upon common pathways. Diverse stress signals activate global
alterations in translation initiation to rapidly alter protein synthesis and restore homeostasis [28].
Suppression of alternative translation in response to hypoxia and TGF-b may be part of a global
program to remodel intercellular junctions.
Sensitivity of alternative translation of GJA1 to ischemia and chemically induced hypoxia
was first demonstrated by Ul-Hussein et al. in brain tissue and isolated astrocytes, where 90 mins
of acute hypoxia induced increased expression of GJA1-20k [23]. A similar response to acute
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ischemia has been shown in isolated mouse hearts, where 30 mins of ischemia induces
upregulation of GJA1-20k which is then targeted to the mitochondria. Our finding that GJA120k is reduced following chronic 48 hr hypoxia suggests a dual role for GJA1-20k, acutely
acting as a stress response protein to protect gap junctions and potentially mitochondria and later
being downregulated as a mechanism to effect gap junction loss. In animal models of myocardial
infarction and heart failure in which regions of tissue are subjected to loss of blood supply, loss
of Cx43 gap junction localization at the intercalated disc is not evident until hours or days of
chronic exposure [29, 30]. Our findings show that alternative translation of GJA1 is suppressed
at later stages of hypoxia when this gap junction remodeling is occurring.
IMP1 is an RBP with diverse and well characterized roles in mRNA processing. The
interaction of IMP1 and ActB mRNA is well documented and serves as a method of validating
the MS2 aptamer affinity purification protocol in this study [21, 22]. IMP1 regulates translation
of ActB mRNAs by blocking translation initiation until it localizes the mRNA to cell protrusions
where it is locally translated [31]. IMP1 represses translation initiation occurring via the
canonical mechanism in the case of ActB and other mRNAs including IGF-II [32]. Intriguingly,
despite this repressive role of IMP1 in canonical translation, it plays an activating role in
alternative mechanisms of translation initiation [12, 33]. IMP1 promotes ribosome recruitment to
the internal ribosome entry site (IRES) of Hepatitis C Virus mRNAs and is necessary for capindependent translation initiation of the cellular mRNA CIAP1 [33, 34]. These findings are
consistent with our results indicating IMP1 promotes alternative translation of GJA1.
Hundreds of eukaryotic mRNAs are now understood to undergo alternative translation
initiation and in recent years have demonstrated the importance of translational regulation in
health and disease [2, 35]. The data shown here identify a role for alternative translation in
regulating Cx43 gap junctions during hypoxia, supporting a mechanistic role for GJA1-20k in

81

the cellular response to stress. Despite the discovery that GJA1 undergoes alternative translation
several years ago, regulators of this process remained elusive. We have revealed IMP1 as an
RBP that not only regulations alternative translation of GJA1 but that is also sensitive to hypoxia,
potentially uncovering a mechanism by which GJA1 translation is altered in response to many
stressors.
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Figure 3.1: Translation initiation of GJA1 is dynamically regulated during hypoxia.
NMuMG cells were exposed to hypoxia in a humidified incubator at 1% O2 for 48 h. A) Western
blot of cell lysates probed with Cx43 C-terminal antibody to detect full length Cx43 and the
alternatively translated isoform GJA1-20k. a-tubulin serves as loading control. B) Quantification
by densitometry of GJA1-20k relative to Cx43 from A (n = 3). C) Fixed cell confocal
immunofluorescence (x100) of cells labeled with antibody directed against Cx43 (green) with
cell borders detected using N-cadherin (red). Nuclei counterstained with DAPI (blue). Graph
represents mean ± SEM. Statistical analysis performed using student’s t test. ***p £ 0.0005.
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Figure 3.2: Isolation and localization of mRNA in situ using a modified MS2 aptamer
system. A) The MBSV5 aptamer binds with high affinity to the viral MS2 coat protein (CP,
blue). MS2CP is expressed as a fusion protein of GFP, allowing localization of aptamer tagged
mRNAs, and streptavidin binding protein, allowing affinity purification of RNA-protein
complexes using streptavidin coated beads. B) Schematic of MBSV5 tagged ActB. C) Affinity
purification of MBSV5 tagged ActB in 293FT cells. Western blot probed for GFP to demonstrate
successful pull down (PD) of the MS2-SBP-GFP fusion protein and IMP1 to detect known
interaction between ActB and IMP1. Cells expressing MBSV5 tagged ActB or MS2-SBP-GFP
alone serve as negative controls. D) Fixed cell confocal immunofluorescence (x100) of cells
labeled with antibody directed against GFP (green) to detect MS2-SBP-GFP and IMP1 (red).
The MS2-SBP-GFP fusion protein bears a nuclear localization sequence keeping it resident in
the nucleus unless bound to aptamer tagged mRNA.
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Figure 3.3: IMP1 is bound to the GJA1 mRNA and the GJA1 coding sequence is sufficient
to recruit IMP1. A) Schematic and affinity purification of full length MBSV5 tagged GJA1
mRNA. Western blot probed for GFP to detect pull down of MS2-SBP-GFP and IMP1 to
identify this RBP as a GJA1 binding partner. Cells expressing MBSV5 tagged ActB or MS2SBP-GFP alone serve as negative controls for pull down. B) Schematic and pull down of the
MBSV5 tagged GJA1 coding sequence (CDS). IMP1 is detected via western blot in affinity
purification of the GJA1 CDS but is not present in negative controls expressing MS2-SBP-GFP
or MBSV5 GJA1 CDS alone. C) PCR amplification of GJA1 and ActB following RNAimmunoprecipitation (RNA-IP) using antibody directed against IMP1 or rabbit IgG.
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Figure 3.4: IMP1 is suppressed during hypoxia and loss of IMP1 is sufficient to decrease
alternative translation of GJA1. A) NMuMG cells were exposed to hypoxia in a humidified
incubator at 1% O2 for 48 h and cell lysates probed for IMP1. a-tubulin serves as loading
control. B) Quantification of IMP1 normalized to a-tubulin from western blot in A (n = 3). C)
NMuMG cells were stably transduced with shRNA targeting IMP1 or a non-silencing shRNA
sequence. A clonal cell line was selected and western blot of cell lysates performed to detect
IMP1 and a-tubulin as a loading control. D) Western blot of cell lysates probed with Cx43 Cterminal antibody to detect full length Cx43 and the alternatively translated isoform GJA1-20k in
cells depleted of IMP1. a-tubulin serves as loading control. Graph represents mean ± SEM.
Statistical analysis performed using student’s t test. *p £ 0.05.
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Figure 3.5: IMP1 association with GJA1 is decreased in response to hypoxia.
A) Cells were transfected with appropriate constructs and placed in normoxia or 1% O2 hypoxia
for 14 h prior to affinity purification of GJA1 mRNA-protein complexes. Western blotting was
performed using antibodies directed against GFP to detect the MS2-SBP-GFP fusion protein and
IMP1. Affinity purifications from cells expressing MBSV5 GJA1 or MS2-SBP-GFP serve as
negative controls for pull down. B) Model for regulation of alternative translation of GJA1 by the
RBP IMP1. IMP1 is bound to the GJA1 mRNA promoting alternative translation initation and
GJA1-20k expression. Hypoxia decreases IMP1 expression and association with GJA1, resulting
in decreased alternative translation.
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CHAPTER 4
Conclusions
Hundreds of human genes are now understood to undergo alternative mechanisms of
translation initiation, generating undescribed protein isoforms via open reading frame extensions,
initiation from within coding sequences, and other non-canonical translation events [1, 2]. This
work has demonstrated that the alternatively translated protein GJA1-20k regulates gap junction
formation in response to extracellular stressors, highlighting the ability of these novel isoforms to
regulate critical cellular functions.
We have shown here that alternative translation of GJA1 and thus expression of GJA120k is suppressed in response to extracellular stressors. Many studies suggest that cells become
dependent upon alternative translation in response to stress, as hypoxia, nutrient deprivation, and
other stressors are believed to result in global suppression of canonical, cap-dependent
translation initiation [3]. In this model, cells globally suppress protein synthesis in an effort to
conserve energy and restore homeostasis as the availability of protein precursors becomes
limited [4]. Alternative translation is subsequently engaged to allow sustained translation of
factors critical to cellular survival [5, 6]. While this paradigm is supported by many lines of
evidence and it is likely that global alterations in the translational landscape occur in response to
stress, our data demonstrate an important contribution of gene specific alterations in translation
to cellular physiology [3].
Regulation of translation initiation can be thought of globally; whereby signal
transduction cascades can shunt the entire translational landscape of the cell, or genespecifically; where factors acting on specific mRNAs can render them subject to alternative
translation initiation. This suggests a potent mechanism whereby the cell can rapidly regulate
Cx43 transport and gap junction formation at the point of GJA1-20k translation, without
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inducing transcription of mRNA or synthesis of full-length GJA1-43k. We find the RBP IMP1 is
necessary for alternative translation of GJA1-20k and suppressed during hypoxia, identifying a
mechanism by which stress induces alterations in translation of GJA1. Crosslinked
immunoprecipation (CLIP) of IMP1 to identify its RNA binding partners in embryonic stem
cells has shown IMP1 interacts with a pool of mRNAs involved in cell adhesion [7]. The focal
adhesion protein paxillin been shown to undergo alternative translation to generate a truncated
isoform also capable of modulating full length paxillin function that is suppressed during EMT
[8]. These data together with our data showing alternative translation of GJA1 as a mechanism of
gap junction disassembly suggest IMP1 may regulate a shift in the translation of junctional
proteins during EMT affecting the proteome and contributing to junctional disassembly.
Clinical Perspectives
Tumor cells are characterized by uncontrolled cell growth and are thus dependent upon
high levels of protein synthesis to maintain this proliferative capacity. For this reason, translation
has been targeted clinically in multiple cancers [9]. As early as the 1980s, inhibitors of mTOR
(mammalian target of rapamycin), a central regulator of cell growth and proliferation effecting
on cap-dependent translation initiation were being testing as chemotherapeutics [10]. mTOR is
the core component of the mTORC1 protein complex, which governs protein synthesis through
activation of the effector molecules 4EBP1 (eIF4E binding protein 1) and p70-S6K (ribosomal
protein s6 kinase). The necessity for mTOR signaling in the maintenance of normal cell growth
and redundancy of feedback loops has limited the therapeutic potential of these drugs [10].
Direct inhibition of mTORC1 kinase activity decreases cell proliferation in some cancer types,
however these drugs engage multiple feedback loops to compensate for loss of mTORC1 that
inadvertently have pro metastatic effects on the tumor [10]. Thus, a mechanism for targeting the
translation of mRNAs essential to cancer cell survival rather than global translation shut down
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may present a more viable method for the treatment of cancer. Alternative translation presents a
novel treatment target whereby the expression of central proteins necessary for cancer cell
survival may be specifically targeted.
Early studies in mouse models of cardiac disease demonstrate translation as a viable
treatment target for ischemic cardiac disease. Pretreatment with adeno associated virus encoding
the alternative translation product GJA1-20k protected the heart from loss of Cx43 gap
junctional coupling in mouse models of ischemia reperfusion injury [11]. We have identified
IMP1 as an RNA binding protein upstream of GJA1-20k expression and thus a target by which
its expression can be directly modulated. Our data show that IMP1 binding to GJA1 is decreased
during hypoxia when GJA1-20k expression is lost. Increasing IMP1 binding activity could
therefore serve as a mechanism to target GJA1-20k expression in vivo, and future work defining
the IMP1 residues necessary for binding to GJA1 as well as upstream regulators of its GJA1
binding activity will facilitate manipulation of this to treat disease. IMP1 phosphorylation by
mTOR complex 2 (mTORC2) is necessary for its binding to the IGF2 mRNA where it regulates
alternative translation initiation in a cap-independent manner [12, 13]. Similarly to mTORC1,
mTORC2 activation is stimulated by TGF-b, a growth factor present in high levels in the
hypertrophic diseased heart [14]. Dysregulation of mTORC2 signaling and resulting alterations
in IMP1 phosphorylation status is a potential mechanism by which translation of GJA1 may be
disrupted in damaged cardiac muscle.
Concluding Remarks
Given the high cellular energy demand of protein translation, it is unsurprising that
distinct mechanisms that exquisitely regulate this process occur. Regulation of translation
initiation and alternative mechanisms of translation initiation are key components of cellular
physiology and disruption of this intricate regulation plays a role in disease. Here, we have
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shown that suppression of alternative translation initiation of the GJA1 mRNA is a mechanism
by which gap junction formation is limited during EMT, a process necessary for development
and wound healing and pathologically activated during cancer metastasis. This demonstrates the
necessity for regulation of protein expression at the level of mRNA translation in maintenance of
normal cellular function and its disruption during disease. We have described the ability of the
alternative translation product GJA1-20k to regulate Cx43 anterograde trafficking and hexamer
formation, a rate limiting step in the formation of gap junctions for the first time, providing novel
insight on the mechanistic role of GJA1-20k in the cell. Finally, we have demonstrated the
ability of the RNA binding protein IMP1 to regulate translation of GJA1, acting as an effector
molecule to suppress alternative translation and downregulate Cx43 gap junctions in response to
stress (Fig. 4.1).
While alternative modes of translation initiation have been discovered and primarily
investigated in isolation, future studies will need to consider how multiple mechanisms of
translation initiation function together to regulate cellular physiology. Our work reveals
concurrent alterations in expression of two protein isoforms translated via different mechanisms
from the same mRNA, yet an understanding of the mechanism of ribosome start site selection on
GJA1 remains unclear. The RBP IMP1 likely acts in concert with ribosomes as well as cis
elements of the GJA1 mRNA itself to regulate translation initiation.
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Figure 4.1: Translation of GJA1 is altered in response to extracellular stressors.
Extracellular stress signals such as hypoxia and TGF-b suppress alternative translation initiation
via downregulation of the RBP IMP1. Loss of GJA1-20k expression causes retention of Cx43
monomers in the Golgi apparatus, limiting hexamer formation and Cx43 gap junction presence at
the membrane.
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