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Abstract

Hypoxia is a driver of cell movement in processes such as development and tumor progression.
The cellular response to hypoxia involves a transcriptional program mediated by hypoxia-
inducible factors, but translational control has emerged as a significant contributor. In this study,
we demonstrate that a cell-cell adhesion molecule, cadherin-22, is upregulated in hypoxia via
mTORC1-independent translational control by the initiation factor elF4E2. We identify new
functions of cadherin-22 as a hypoxia-specific cell-surface molecule involved in cancer cell
migration, invasion and adhesion. Silencing elF4E2 or cadherin-22 significantly impaired MDA-
MB-231 breast carcinoma and U87MG glioblastoma cell migration and invasion only in hypoxia,
while reintroduction of the respective exogenous gene restored the normal phenotype. Cadherin-22
was evenly distributed throughout spheroids and required for their formation and support of a
hypoxic core. Conversely, E-cadherin translation was repressed by hypoxia and only expressed in
the oxygenated cells of U87MG spheroids. Furthermore, immunofluorescence on paraffin-
embedded human tissue from 40 glioma and 40 invasive ductal breast carcinoma patient
specimens revealed that cadherin-22 expression colocalized with areas of hypoxia and
significantly correlated with tumor grade and progression-free survival or stage and tumor size,
respectively. This study broadens our understanding of tumor progression and metastasis by
highlighting cadherin-22 as a potential new target of cancer therapy to disable hypoxic cancer cell
motility and adhesion.

INTRODUCTION

The major mode of MRNA recruitment to ribosomes is via the eukaryotic initiation factor 4
F (elF4F) at the 5”cap of MRNAs. During cellular stress, mammalian target of rapamycin
complex 1 (mTORC1) is impaired in its ability to phosphorylate and inhibit the 4E-binding
protein (4EBP), allowing it to repress the cap-binding subunit of elF4F, elF4E and disrupt
cap-dependent translation initiation.2 An alternate cap-dependent mechanism is active in
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hypoxia that utilizes the elF4AE homolog elF4E2 in a hypoxic elF4F complex (elF4FH).3.4
elF4E2 was first characterized as a translation inhibitor due to its ability to bind the 5" cap
but not elF4G, which is required to recruit ribosomes.> However, in hypoxia elF4E2
interacts with elF4G3“ and initiates the translation of mRNAs containing 3"UTR RNA
hypoxia response elements bound by hypoxia-inducible factor-2a..3 elF4E2 is required for
tumor progression® and is part of a metastatic gene signature.’ elF4E2 is active in the lower
range of physiological tissue oxygenation.® Hundreds of 3"UTR RNA hypoxia response
element-containing transcripts have been identified including several for receptor tyrosine
kinases with ties to cancer malignancy and their hypoxic synthesis via elF4E2 is essential to
tumor progression.3® Another target transcript identified encodes the cell-cell adhesion
molecule cadherin-22 (CDH22). Even though the CDH22transcript appears to contain an
3"UTR RNA hypoxia response element,? it has not been validated as an elF4E2 target, nor
has its contribution to hypoxia-driven processes such as tumor progression been elucidated.

Cadherins are calcium-dependent cell—cell adhesion molecules that are required for human
development.® A classical cadherin, epithelial cadherin (E-cadherin or CDHJ), is widely
expressed in epithelial tissue. Decreased expression of E-cadherin in many human cancers is
associated with de-differentiation and enhanced invasiveness.1%:11 Loss of E-cadherin in
tumors can arise through mutations!2-14 or transcriptional downregulation'>-17 that can
occur in a hypoxia-dependent manner.18:19 |_oss of E-cadherin is associated with a cadherin
switch that causes the epithelial-to-mesenchymal transition.1 When E-cadherin is
downregulated, mesenchymal cadherins such as N-cadherin are upregulated.2° It is an
intriguing possibility that CDH22 participates in hypoxia-driven epithelial-to-mesenchymal
transition during tumor progression.

CDH22 is an atypical glycophosphatidylinositol-anchored member of the cadherin
superfamily that can be expressed in certain parts of the brain.2! In a healthy animal, CDH22
is involved in morphogenesis and tissue formation in the neural and non-neural cells of the
brain and neuroendocrine organs.22 CDH22 over-expression has been associated with
metastasis in colorectal carcinoma,?3 but CDH22 regulation and function has not yet been
linked to hypoxia. Furthermore, hypoxia promotes increased cell adhesion and invasion,24:25
but no hypoxia-specific cadherin has been connected to these processes.

In this study, we demonstrate that CDH22 is a hypoxia-specific cadherin that is required for
cancer cells to migrate, invade and adhere to one another. We utilize two invasive cancer cell
lines with contrasting E-cadherin expression: MDA-MB-231 breast carcinoma (undetectable
by western blot1?) and U87MG glioblastoma (low to moderate?%). Blocking CDH22 with an
antagonist or silencing via ShRNA prevented cell migration and invasion only in hypoxia,
and these phenotypes were rescued by reintroduction of exogenous CDH22. An mTORC1-
independent increase in hypoxic CDH22 mRNA translation was dependent on elF4E2, while
CDHI mRNA was less efficiently translated in an mTORC1-dependent manner. CDH22 had
a uniform distribution and was essential for spheroids to form and maintain hypoxia.
Furthermore, CDH22 expression colocalized with hypoxia in 40 glioma and 40 invasive
ductal breast carcinoma patient specimens and correlated with several clinical parameters.
Our data suggest that CDH22 is a hypoxia-specific cell-surface molecule that contributes to
malignancy by driving cell adhesion and motility in tumor progression.
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RESULTS

elF4E2 is required for hypoxic cell migration, invasion and spheroid formation

We generated two MDA-MB-231 stable cell lines each expressing one of two independent
shRNAs targeting e/F4E2 mRNA: Knockdown (KD) 1 stably expresses shRNA targeting the
3’UTR, and KD2 the coding region (Figure 1a). e/F4E2transcript processing leads to
several variants (Genbank) where shRNA-1 targets variant 1 (upper band of the doublet) and
shRNA-2 targets all variants. These ShRNAs have been used previously to show that variant
1 is essential for tumor progression.5 Two clones of each stable cell line were utilized:
KDL1.1, KD1.2, KD2.1 and KD2.2. These elF4E2-depleted MDA-MB-231 cells were
significantly impaired by 57%, 85%, 58% and 70%, respectively, in their ability to close a
wound in hypoxia relative to controls stably expressing non-targeting ShRNA (Figure 1b). In
contrast, cells cultured in normoxia displayed no significant effect (Figure 1b). Transwell
migration assays demonstrated that these four elF4E2-depleted MDA-MB-231 stable cell
lines were significantly impaired, only in hypoxia, by 75%, 70%, 68%, and 61% in their
ability to migrate relative to controls (Figure 1c). Next, we measured the invasive
capabilities of these cells by adding a basement membrane matrix to the transwells. Two
elF4E2-depleted MDA-MB-231 stable cell lines displayed significant impairment in
hypoxic, but not normoxic, invasion by 77 and 82% relative to controls (Figure 1d). To
observe cell-cell adhesion, MDA-MB-231 cells were formed into spheroids where oxygen
can only diffuse through approximately 10 cell layers creating a hypoxic microenvironment.
627 Control cells formed dense spheroids compared with the fragmented assembly of
elF4E2-depleted cells (Figure 1e). The above experiments were performed in U87MG with
similar results (Supplementary Figure S1). Differences in proliferation and apoptosis
between control and elF4E2-depleted cells were not a contributing factor as there were no
significant changes (Supplementary Figure S2).

Reintroduction of exogenous elF4E2 restores the ability of hypoxic cells to migrate, invade
and adhere to one another

Two stable clones each of MDA-MB-231 and U87MG elF4E2-depleted cells were generated
that express exogenous elF4E2 (Exol 4E2 and Exo2 4E2) (Figure 2a and Supplementary
Figure 3A). The exogenous elF4E2 escaped shRNA recognition because the ShRNA
recognizes the endogenous e/F4£23"UTR while the exogenous e/F4E2 harbors the vector
3’UTR. As a control, elF4E2-depleted cells expressing exogenous empty vector were
generated. Reintroduction of elF4E2 significantly restored the ability, relative to a control, of
two MDA-MB-231 and two U87MG clones to close a wound (Figure 2b and Supplementary
Figure 3B). In transwell assays, reintroduction of elF4E2 restored the ability of hypoxic
cells to migrate and invade relative to controls (Figures 2c and d and Supplementary Figures
3C and D). Exogenous elF4E2 provided a level of hypoxic migration and invasion that was
similar to that of cells stably expressing non-targeting shRNA (Figures 2b—d and
Supplementary Figures S3B-D). Lastly, reintroduction of elF4E2 restored the ability of
MDA-MB-231 cells to form spheroids (Figure 2e). elF4E2-depleted controls formed loose
aggregates relative to exogenous elF4E2-expressing cells that formed larger, dense spheres.
Exogenous elF4E2-expressing cells did not differ significantly in their proliferation or
apoptosis (Supplementary Figure S2). These data demonstrate that elF4E2 contributes
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significantly to the ability of MDA-MB-231 and U87MG cells to migrate, invade and adhere
to one another in hypoxia.

Hypoxia represses CDH1 mRNA translation and activates CDH22 synthesis in an elF4E2-
dependent manner

CDHZ22was identified as a potential elF4AE2 mRNA target via CLIP-seq, but has yet to be
validated experimentally. E-cadherin was used as a control cadherin that is transcriptionally
downregulated by hypoxia leading to protein levels that are undetectable in MDA-
MB-231("ef-17) or Jow to moderate in U87MG.26 We observed a decrease in E-cadherin
protein in hypoxic U87MG cells (Figure 3a), but an increase in CDH22 protein in both cell
lines (Figures 3a and b). Furthermore, hypoxic CDH22 protein accumulation was impaired
in elF4E2-depleted cells, while no effect was observed on E-cadherin (Figures 3a and b).
Reintroduction of exogenous elF4E2 restored hypoxic CDH22 accumulation (Figures 3c and
d), but had no observable effect on E-cadherin (Figure 3c). Next, CDOHI and CDH22 mRNA
levels were measured to determine whether their hypoxic protein reduction or accumulation,
respectively, was due to altered transcript abundance. Consistent with previous reports,18:19
CDHI mRNA was decreased by 63% and 34% in hypoxia relative to normoxic MDA-
MB-231 and U87MG cells, respectively (Figure 3e). However, there was no significant
change in CDH22 mRNA levels (Figure 3f), suggesting that the hypoxic increase in CDH22
protein could be due to translation. Immunofluorescence of MDA-MB-231 and U87MG
cells revealed CDH22 protein only in hypoxia (Figure 3g and Supplementary Figure S4). To
test whether elFAE2-dependent hypoxic CDH22 protein accumulation was due to changes in
CDHZ22mRNA translation, we performed polysome fractionation analysis. In parental
MDA-MB-231 and U87MG cells, CDHIZ mRNA was enriched in normoxic polysomes, but
shifted to monosomes in hypoxia (Figure 4a and Supplementary Figure S5A). Conversely,
CDHZ22mRNA was enriched in normoxic monosomes, but shifted into polysomes in
hypoxia. CDH22 mRNA was no longer enriched in hypoxic polysomes in elF4E2-depleted
cells when compared with controls (Figure 4b and Supplementary Figure S5B).
Reintroduction of elF4E2 restored CDH22 mRNA association with hypoxic polysomes
relative to controls (Figure 4c and Supplementary Figure S5C).

elF4E2-dependent translation is not regulated via mTORC1 due to weak binding between
elF4E2 and 4EBP.3:28 We tested whether CDH22 hypoxic translation was mTORC1-
dependent by incubating cells with the mTORCL inhibitor Torin 1. When normoxic MDA-
MB-231 and U87MG cells were incubated with Torin 1, CDHZ mRNA shifted into
monosomes (Figure 4d and Supplementary Figure S5D). In hypoxia, CDHZ2 mRNA
polysome association was unaffected by Torin 1 treatment. These data suggest that CDHZ is
translationally repressed by hypoxia and is translated in an mTORC1-dependent manner
through the elF4E-mediated machinery. Conversely, CDHZZ2is translationally upregulated
by hypoxia in an mTORC1-independent manner by elFAE2.

Blocking or silencing CDH22 impairs hypoxic cell migration, invasion and spheroid
formation

To test whether CDH22 is directly involved in cell migration, invasion and spheroid
formation, we utilized a neutralizing antibody against the extracellular domain of CDH22.
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MDA-MB-231 and U87MG cells incubated with an anti-CDH22 antibody were significantly
impaired by 69% and 78%, respectively, in their ability to close a wound in hypoxia relative
to controls incubated with a non-targeting 1gG antibody (Figure 5a and Supplementary
Figure S6A). MDA-MB-231 and U87MG cells were significantly impaired by 80% and
88%, respectively, in their ability to migrate, and by 78 and 89%, in their ability to invade a
basement membrane-like matrix relative to controls (Figures 5b and ¢ and Supplementary
Figures S6B and C). The anti-CDH22 antibody had no significant effect on migration and
invasion in normoxia (Figures 5a—c and Supplementary Figures S6A-C). Cells incubated
with anti-CDH22 antibodies formed fragmented spheroids relative to the more dense control
spheroids (Figure 5d and Supplementary Figure S6D).

The anti-CDH22 antibody detects a major band by western blot, but also a minor band that
is a smaller isoform.21 Moreover, off-target effects are unlikely because CDH22-depleted
cells were not further affected in their migration and invasion when exposed to the CDH22
antibody relative to a control (Figures 5a—c). Even so, we generated stable cell lines
expressing shRNA targeting the CDH22 mRNA as another method to interfere with CDH22
function. We generated two MDA-MB-231 and two U87MG stable cell lines each
expressing one of two independent shRNAs (KD3 and KD4) (Figure 6a and Supplementary
Figure S7A). All CDH22-depleted cell lines were significantly impaired between 76 and
91% in their ability to close a wound generated in hypoxia, but not normoxia, relative to
controls (Figure 6b and Supplementary Figure S7B). All CDH22-depleted cell lines were
significantly impaired between 69 and 80% in their ability to migrate, and between 67 and
88% in their ability to invade relative to controls (Figures 6¢ and d and Supplementary
Figures S7C and D). CDH22-depleted cells formed fragmented spheroids relative to the
more dense control spheroids (Figure 6e and Supplementary Figure S7E). The fragmented
CDH22-depleted spheroids were less hypoxic than control spheroids and did not display an
increase in apoptosis (Figures 6f and g and Supplementary Figures 7F and G).

We performed immunofluorescence on spheroids to determine the distribution of E-cadherin
(U87MG) and CDH22 (both cell lines). E-cadherin-expressing cells localized to the US7TMG
spheroid perimeter (Figure 7a). Spheroids are an avascular tumor model composed of a thin
oxygenated shell and hypoxic interior.® Indeed, CDH22-expressing cells had a uniform
distribution (Figures 7a—c) that colocalized with hypoxia (Figures 7b and c). Cell sorting
demonstrated that E-cadherin was associated with the CA9-negative fraction of U7TMG
spheroids, while CDH22 with the CA9-positive hypoxic cells of both cell lines (Figure 7d).
Immunofluorescence on human tumor specimens from 40 glioma (Supplementary Table S1)
and 40 invasive ductal breast carcinoma cases (Supplementary Table S2) revealed that
CDH22 expression significantly increased relative to normal tissue and with higher grade
(glioma) or stage (breast carcinoma; Figures 7e-l). Kaplan—Meier survival curves
demonstrated that low CDH22 expression significantly correlated with longer progression-
free survival (PFS) in glioma patients (Figure 7m; HR = 0.3648, A= 0.0112), and displayed
a favorable, albeit not statistically significant, progression-free survival in breast carcinoma
patients (Figure 7n; HR = 0.4232, £=0.1040). In a multivariate Cox proportional hazards
model (adjusted for CDH22 and CA9 expression, grade or stage, and tumor size), CDH22
expression remained a statistically significant, or favorable, independent predictor of poor
prognosis in glioma (hazard ratio (HR) = 0.1537, 95% confidence interval (CI) = 0.0075—
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0.2999, P=0.0394) and breast carcinoma (HR = 0.4551, 95% CI = 0.1816-1.2289, P=
0.156), respectively (Figures 7m and n). CDH22 expression also displayed a significant
positive correlation with breast carcinoma tumor size (Pearson’s correlation coefficient =
0.5039; Figure 70). CDH22 colocalized with hypoxia between 82.2 £ 1.6% and 89.0 £ 1.1%
regardless of glioma grade (Supplementary Table S1) or breast carcinoma stage
(Supplementary Table S2). These data highlight CDH22 as a new marker for tumor hypoxia
and advanced stage disease.

Reintroduction of exogenous CDH22 restores the ability of hypoxic cells to migrate, invade
and adhere to one another

Two stable clones each of MDA-MB-231 and U87MG CDH22-depleted cells were
generated that express exogenous CDH22 (Exol CDH22 and Exo2 CDH22) (Figure 8a and
Supplementary Figure S8A). CDH22-depleted controls stably expressed an empty vector.
Reintroduction of CDH22 significantly restored the ability, relative to a control, of two
MDA-MB-231 and two U87MG clones to close a wound in hypoxia (Figure 8b and
Supplementary Figure S8B). In transwell assays, exogenous CDH22 restored the ability of
hypoxic cells to migrate and invade relative to CDH22-depleted controls (Figures 8c and d
and Supplementary Figures S8C and D). Normoxic CDH22-depleted cells overexpressing
exogenous CDH22 displayed similar increases in migration and invasion to hypoxic cells
expressing endogenous CDH22 (Figures 8a—d and Supplementary Figures SSA-D).
Overexpressing CDH22 in normoxic elFAE2-depleted cells increased their migration and
invasion to similar levels as hypoxic cells and restored these abilities in hypoxic elF4E2-
depleted cells (Figures 8e—h and Supplementary Figures SBE-H). Reintroduction of CDH22
restored the ability of CDH22- and elF4E2-depleted cells to form spheroids (Figures 8i and j
and Supplementary Figures S8I and J) that contained hypoxic cells (Figures 8k and | and
Supplementary Figures S8K and L). Spheroid cells expressing exogenous CDH22 were not
impaired in their ability to migrate or invade when presented with extracellular matrix
substrates (Figures 8m and n and Supplementary Figures S8M and N). Moreover, spheroid
cells overexpressing CDH22 invaded three-dimensional Matrigel significantly more than
controls expressing only endogenous CDH22 (Figure 8o and Supplementary Figure S80).
No significant differences in proliferation and apoptosis were observed in these cells
(Supplementary Figure S9). These data demonstrate that CDH22 contributes significantly to
the ability of MDA-MB-231 and U87MG cells to migrate, invade and adhere to one another
in hypoxia.

DISCUSSION

Hypoxia promotes cancer cell migration and invasion,2-31 which are hallmarks of the
disease phenotype32 that we observed in this study. Cadherins usually participate in
homophilic interactions,® but heterophilic adhesion complexes involving E-cadherin and N-
cadherin between cancer-associated fibroblasts and cancer cells drive cooperative tumor
invasion.33 Collective cell migration is the coordinated movement of cells connected by
cell—cell adhesion, and is a fundamental process in development, tissue repair, tumor
invasion and metastasis.34-36 Neoplastic cells across several cancers can display collective
migration without incurring epithelial-to-mesenchymal transition.37-39 The leading cells
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produce enzymes that degrade extracellular matrix,3° and the following cells regulate
cytoskeletal dynamics via cell—cell interactions.# In human glioblastoma specimens, we not
only observed CDHZ22 colocalization with hypoxia but also in areas directly adjacent (Figure
79). This could be due to oxygen gradients emanating from necrotic foci surrounded by
hypercellular regions called pseudopalisades that involve collective cell migration events.
41,42 CDH22 expression could occur in up to 5% O, because elF4E28 and hypoxia-inducible
factor-2a.43 activities are maintained at these levels. The hypoxic marker CA9 is a
transcriptional target of hypoxia-inducible factor-1,44 which is stabilized at <1% 0,.43
Indeed, relative to glioblastoma, CDH22 displayed higher colocalization with hypoxia (89
+1.1% vs 82.2 £ 1.6%) in early stage invasive ductal breast carcinoma where pre-invasive
cells are contained within the non-vascular intraductal space (Figure 7i and Supplementary
Tables S1 and 2).#> We also provide /n vitro data supporting CDH22 as a hypoxia-specific
cell—cell adhesion molecule that promotes migration and invasion in MDA-MB-231 and
U87MG cells independent of E-cadherin loss. CDH22 could allow hypoxic cancer cells to
adhere to one another, or to tumor-associated cells, to promote collective migration and
invasion. Future studies could examine CDH22 intracellular signaling and heterotypic
crosstalk by utilizing more sophisticated three-dimensional systems combining cancer and
stromal cells.

Hypoxia increases cell-cell adhesion,?* and we demonstrate that CDH22 is required for
spheroid formation. Most of the spheroid volume is hypoxic (1% O,) with a thin
oxygenated perimeter.5:27 Spheroids composed of cells expressing exogenous CDH22 were
sturdier when handled relative to spheroids harboring only endogenous CDH22. Exogenous
CDH22 is uncoupled from oxygen regulation because it contains the vector 3'UTR and not
the 3'UTR RNA hypoxia response element required for its selective hypoxic expression.
Consequently, exogenous CDH22 could be expressed in normoxic cells and provided a
similar level of migration and invasion as hypoxia, suggesting that CDH22 is a major driver.
The role of CDH22 in maintaining sphere or tumor structure and promoting collective cell
migration and invasion could be interpreted as contradictory. Spheroids are formed where
the only possible interactions are cell-cell. However, when spheroids expressing exogenous
CDH22 were provided with extracellular matrix substrates, the cells displayed migratory or
invasive capabilities. Our interpretation is that during the initial stage of spheroid or tumor
formation, CDHZ22 is involved in maintaining the structure of the hypoxic regions and
perhaps the communication between hypoxic cells. When the opportunity arises during
tumor progression, such as access to extracellular matrix or a specific signaling event,
CDH22 could participate in the collective invasion of hypoxic cells. Preventing hypoxic
cells from not only metastasizing but adhering to one another would be an attractive strategy
to shrink or fragment tumors to allow cells of the immune system, such as macrophages,6 to
better access and destroy cancer cells. CDH22 is likely not a driver of these processes in all
cancers. In addition to this study, increased CDH22 expression has been linked to metastasis
in colorectal carcinoma,2 but it is decreased in metastatic melanoma.*’

Translational control is a major target of cancer therapy.*® Since elF4E2 has only recently
been connected to cancer progression,® the development of inhibitors is still in its infancy.
Targeting elF4E2 could be more specific to tumor cells by disabling hypoxic adaptation and
the expression of proteins that have ties to cancer progression (EGFR, HER-2, PDGFRA,
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IGF1R and now CDH22).4950 We show that the hypoxic translation of CDH22is mTORC1-
independent. The mTORCL1 inhibitor rapamycin was one of the first protein synthesis
inhibitors used in cancer therapy, but has displayed inefficacy in the clinic.>1 We tested E-
cadherin as a control cadherin with an opposite oxygen-dependent regulation to CDH22
since its hypoxic transcriptional repression has been reported.18:19 This is the first report that
CDHI mRNA translation efficiency is also decreased by hypoxia. Even though MDA-
MB-231 cells have undetectable E-cadherin levels,1” translation repression could be a
conserved mode of regulation that can still be observed in these cells like nuclear SNAIL
accumulation®2 and miRNA-mediated repression.>3 We highlight that the mTORC1-
independent process of elF4E2-dependent hypoxic translation contributes to cancer cell
migration, invasion and spheroid formation.

Targeting cadherins in cancer therapy is an emerging concept.>* The first cadherin
antagonist to enter clinical trials was the ADH-1 peptide that inhibits N-cadherin. This
peptide has shown promise in inhibiting melanoma and ovarian cancer.%%:°¢ This study
broadens our understanding of tumor progression by highlighting CDH22 as a marker of
advanced stage cancer and potential new therapeutic target to disable hypoxic cancer cells
and prevent metastasis.

MATERIALS AND METHODS

Cell culture

MDA-MB-231 breast adenocarcinoma and U87MG glioblastoma were obtained from the
American Type Culture Collection and maintained as suggested. These were tested for
mycoplasma and characterized by short tandem repeat and Q-band assays. Normoxic cells
were maintained in ambient O,, 5% CO» and 37°C). Hypoxic cells were incubated in a
HypOxystation H35 (HypOxygen, Frederick, MD, USA) at 1% O,, 5% CO, and 37°C.

Constructs and short hairpin RNAs

GIPZ Lentiviral Human EIF4E2 shRNAmir (ThermoScientific, Waltham, MA, USA) was
used (ShRNA-1 CAGCTGAGATCACTTAATAA,; shRNA-2 TGAACAGAATATCAAA).
Clones were identified by shRNA and clone number. Cells stably expressing exogenous
elF4E2 were generated by transfecting cells with elF4AE2 cDNA or empty vector
(Genecopoeia, Rockville, MD, USA). Psi-nU6.1 CDH22 shRNA (Genecopoeia) was used
(ShRNA-1 GACAGGCGACATTCATTGCC; shRNA-2 GTCGGTGATGCAGG TGATG).
Non-targeting ShRNA used as controls. Cells stably expressing exogenous CDH22 generated
by transfecting cells with a codon-optimized CDH22 in pcDNA3.1(+) or empty vector
(ThermoScientific).

Western blotting and antibodies

Standard western blotting protocols were used. Primary antibodies (1 ug/ml): CDH1
(SHE78-7; Abnova, Tapei City, Taiwan), CA9 (2D3; Novus, Littleton, CO, USA), GAPDH
(D16H11; Cell Signaling Technologies, Danvers, MA, USA), active caspase-3 (ab2302;
Abcam, Cambridge, UK), CDH22 (ARP49648-P050; Aviva Systems Biology, San Diego,
CA, USA), elF4E2 (GTX103977; Genetex, Irvine, CA, USA) and hypoxia-inducible
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factor-2a. (NB100-122; Novus). Membranes were probed with 0.1 pg/ml horseradish
peroxidase-conjugated secondary antibodies.

Scratch wound assay

Cells were grown as monolayers in six-well dishes. For hypoxia, cells and media were pre-
conditioned at 1% O for 24 h. Wounds were generated using a micropipette tip. Images
taken at 0 and 12 h (U87MG) or 16 h (MDA-MB-231). For quantification, wounds were
measured. When applicable, 0.4 pg/ml control IgG (sc-2027; Santa Cruz, Dallas, TX, USA)
or anti-CDH22 antibodies (Aviva Systems Biology) were added.

Migration and invasion assays

Transwell inserts (Corning, Corning, NY, USA) for 24-well plates (6.5 mm diameters and 8
pum pores) were used. Inserts were coated with 20 pg/ml fibronectin (Corning) and incubated
at 4 °C for 24 h. Cells (4 x 10°) seeded in serum-free Dulbecco’s modified Eagle’s medium
in the upper chamber, and Dulbecco’s modified Eagle’s medium (10% fetal bovine serum)
placed in lower chamber. After 16 h (MDA-MB-231) or 12 h (U87MG), cells that did not
migrate were removed with a cotton swab and inserts fixed and stained with 0.15% crystal
violet. For quantification, cells were counted. When applicable, 0.4 ug/ml control 1gG or
anti-CDH22 antibodies were added to the upper chamber. For invasion assays, Biocoat
Growth Factor Reduced Matrigel Invasion Chambers (Corning) were used. For spheroid
migration, 4-day-old spheroids were placed in cell culture-treated 24-well dishes and
migration measured after 16 h. Three-dimensional spheroid invasion was performed as
previously described.5’

Spheroid formation, immunofluorescence and cell sorting

Cells (1 x 10°) seeded in 24-well dishes pre-coated with 1% low melting agarose. MDA-
MB-231 cells required 1 x Cultrex 10 x Spheroid Formation ECM (Trevigen, Gaithersburg,
MD, USA). Plates were swirled for 30 min. When applicable, 0.4 pg/ml control IgG or anti-
CDH22 antibodies were added. Spheroids collected after 96 h and lysed in 4% sodium
dodecyl sulfate in phosphate-buffered saline for western blot. Spheroids for
immunofluorescence were fixed in 4% para-formaldehyde, embedded in TissuePlus O.C.T.
(ThermoScientific). Frozen spheroids were cut into 10 pm sections onto poly-L-lysine slides
using the Leica CM 1860 Cryostat (Wetzlar, Germany). Slides were quenched using 0.15 M
glycine and incubated for 30 min at 75 °C in antigen retrieval solution (10 mM sodium
citrate and 0.05% Tween 20). Slides were stained with 3 ug/ml anti-CDH22 (NBP1-88300;
Novus), anti-CDH1 (Abnova) or anti-CA9 (Novus) antibodies and 10 pug/ml Alexa Fluor 488
(4412 S; Cell Signaling Technologies), Alexa Fluor 555 (A21422; ThermoScientific) and
Hoechst. Images acquired on a Nikon Eclipse Ti Microscope (Minato, Japan). Cell sorting
was performed on the basis of anti-CA9 (Novus) antibody positivity as previously
described®® with a FACSAria llu (BD Biosciences, San Jose, CA, USA).

Human tumor specimens

Human tumor specimens consisting of 5 um paraffin sections from formalin-fixed tissue
collected at surgical resection were obtained from the Brain Tumour Tissue Bank in London,
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Ontario (40 glioma cases and 10 adjacent normal brain tissue) or from the Ontario Tumour
Bank (40 invasive ductal breast carcinoma cases and 10 adjacent normal breast tissue),
which are supported by the Brain Tumour Foundation of Canada and the Ontario Institute
for Cancer Research through funding provided by the Government of Ontario, respectively.
Glioma specimens were classified according to WHO criteria (Supplementary Table S1).
Specimens were obtained from the tumor center and did not contain extensive hemorrhagic,
necrotic or fibrous tissue. Staging of breast cancer samples was performed via the TNM
system (Supplementary Table S2). Xylene and serial dilution of ethanol were used to remove
paraffin and antigen retrieval was performed at 85°C for 30 min (10 mM Tris Base, 1 mM
EDTA, 0.05% Tween 20, pH 9.0). Slides were washed with TBS+0.025% Triton-X-100 and
blocked in 10% goat serum with 1% bovine serum albumin in TBS for 2 h at room
temperature. Anti-CDH22 (Novus) and CA9 antibodies (Novus) were applied at 10 pg/ml
overnight at 4 °C. Primary antibody was omitted for negative controls. Sections were
counterstained with 10 pg/ml Alexa Fluor 555 (Life Technologies, Carlsbad, CA, USA),
Alexa Fluor 488 (Cell Signaling Technologies) and Hoechst. Slides were mounted with
ProLong Gold (ThermoScientific). CA9 and CDH22 expression was quantified using
ImageJ (NIH, Bethesda, MA, USA).%® Pixels were considered positive for the marker if the
signal intensity was greater than the set threshold (2.5-fold greater than background).
Colocalization analyses performed using Coloc2 in the ImageJ Fiji plugin to calculate
fractional overlap between CA9 and CDH22 using Manders’ Colocalization Coefficients and
the Costes method for estimating thresholds above background.89 Full and informed patient
consent was obtained, and the project approved by the University of Guelph Research Ethics
Board Committee, Ontario Institute for Cancer Research Ethics Committee and Brain
Tumour Tissue Bank Ethics Committee.

Bromodeoxyuridine and active caspase-3 assays

Cells were seeded and incubated for 48 h in Dulbecco’s modified Eagle’s medium (10%
fetal bovine serum). For measuring proliferation, hypoxic cells were incubated in 1% O for
24 h prior to the addition of 0.1% 5-bromo-2’deoxyuridine (BrdU; Roche, Basel,
Switzerland) for 1 h, fixed with 70% ethanol in 50 mM glycine (pH 2.0) for 30 min, blocked
in 5% bovine serum albumin for 1 h, and stained with 10 pg/ml anti-BrdU antibody
according to the manufacturer’s protocol. Coverslips were counterstained with 2 pg/mi
Alexa Fluor 555 and Hoechst. The BrdU labeling index was defined by the ratio of BrdU-
positive nuclei to total nuclei. For measuring activation of apoptosis, cells were fixed in cold
methanol for 10 min followed by acetone for 1 min. Cells were blocked for 2 h in 5% bovine
serum albumin, and incubated with 3 ug/ml anti-active caspase-3 antibody (Abcam)
followed by 10 ug/ml Alexa555 antibody and Hoechst.

Polysome profiling and PCR

Polysome profiling, RNA extraction and PCR were performed as previously described.8
Primer sequences: CDH1 forward: 5'-TGCCCAGAAAATGAAAAAGG -3’; CDH1
reverse: 5’ -GTGTATGTGGCAATGCGTTC-3"; CDH22 forward: 5" -TGTAT
GCGAGGATGCCAAGC-3"; CDH22 reverse: 5’ -AAATGAGGGTTGCTGGGAGC-3;
RPLPO forward: 5"-AACATCTCCCCCTTCTCC-3"; and RPLPO reverse: 5'-
CCAGGAAGCGAGAATGC-3".
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Statistical analysis

For patient samples, cases were dichotomized based on median %CDH22 expression.
Progression-free survival was defined as days post-surgical resection of tumor until
recurrence (glioma) and/or disease spread (breast carcinoma). Kaplan—Meier method
(univariate) was used to construct survival curves and log-rank tests to assess differences
between groups. Multivariate Cox analysis was performed and the adjusted hazard ratio was
calculated based on Cox models. Experimental data were tested using unpaired two-tailed
Student’s #test when only two means were compared, or a one-way ANOVA followed by
Tukey’s HSD test when three or more means were compared. A<0.05 was considered
statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

elF4E2 is required for MDA-MB-231 cell migration, invasion and spheroid formation in
hypoxia. (a) Western blot of elF4AE2 protein levels in control (Ctrl) cells stably expressing a
non-targeting shRNA or in cells stably expressing one of two shRNAs targeting e/F4E2
mRNA: Knockdown (KD) 1 and KD2. Two clones of each stable cell line were generated:
KDL1.1, KD1.2, KD2.1 and KD2.2. GAPDH used as a loading control. (b) Control and
elF4E2 KD cells exposed to normoxia (21% O5) or hypoxia (1% O,) for 24 h followed by
wound generation. Representative images at 0 h (T0) and 16 h (T16) after wound generation.
(c, d) Transwell migration (c) and invasion (d) assays of control and elF4E2 KD cells
exposed to normoxia or hypoxia for 24 h. Representative images of transwell inserts 16 h
after seeding and stained with crystal violet. (€) Light micrographs of spheroids composed
of control cells or elF4E2-depleted cells (KD1.2 and 2.1). Data are presented relative to
normoxic Ctrl as mean £s.e.m., n7=3, ***/<0.001, using a one-way ANOVA followed by
Tukey’s HSD test. Scale bar, 100 um.
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Figure 2.
Reintroduction of exogenous elF4E2 restores the ability of MDA-MB-231 cells to migrate,

invade and adhere to one another in hypoxia. (a) Western blot of elF4E2 protein levels in
control (Ctrl) cells stably expressing a non-targeting shRNA, elF4E2 knockdown control
(KD Citrl) cells stably expressing shRNA targeting e/F4E2 mRNA and an exogenous empty
vector or the e/F4£2 coding sequence (Exol 4E2 and Exo2 4E2). GAPDH used as a loading
control. (b) KD Ctrl, Exol 4E2 and Exo2 4E2 cells exposed to hypoxia (1% O,) for 24 h
followed by wound generation. Representative images at 0 h (T0) and 16 h (T16) after
wound generation. (c and d) Transwell migration (c) and invasion (d) assays of KD Cirl,
Exol 4E2 and Exo2 4E2 cells exposed to hypoxia for 24 h. Representative images of
transwell inserts 16 h after seeding and stained with crystal violet. (€) Light micrographs of
spheroids composed of KD Ctrl, Exol 4E2 and Exo02 4E2 cells. Data are presented as mean
+s.e.m., n=23, ***P<0.001, using a one-way ANOVA followed by Tukey’s HSD test. Scale
bar, 100 um.
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Figure 3.

Hypoxia causes CDH22 protein accumulation in an elF4E2-dependent manner independent
of its transcript abundance. (a—d) Western blot of CDH22 and elF4E2 protein levels in
normoxic (21% O5) and hypoxic (1% O,) U87MG (a, ¢) and MDA-MB-231 (b, d) control
cells stably expressing a non-targeting ShRNA, in cells stably expressing ShRNA targeting
elF4E2mRNA (KD1.1 or 1.2), KD cells stably expressing an exogenous empty vector (KD
Ctrl) or the e/F4E2 coding sequence (Exol 4E2). GAPDH used as a loading control. (e, f)
CDHI1 (e) and CDHZ22 (f) mRNA levels measured by quantitative reverse transcriptase—PCR
in U87MG and MDA-MB-231 control cells stably expressing a non-targeting ShRNA
exposed to normoxia or hypoxia. Data are presented as mean xs.e.m., 7=3, *£<0.05
(Student’s #test). (g) Immunofluorescence of CDH22 in U87MG and MDA-MB-231 cells
exposed to normoxia and hypoxia. Scale bar, 10 um.
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Hypoxia represses CDHI mRNA translation and activates CDH22 synthesis in an elF4E2-
dependent manner. (a—c) The polysomal association of CDHZ and CDH22 mRNAs was
observed by reverse transcriptase (RT)-PCR in parental (a), control cells stably expressing a
non-targeting shRNA (b), or shRNA targeting e/F4E2 mRNA (KD1.2) (b), KD cells stably
expressing an exogenous empty vector (KD Ctrl) (c), or the exogenous e/F4E2 coding
sequence (Exol 4E2) (c) under the indicated oxygen conditions. (d) The polysomal
association of CDHI1 and CDH22 mRNAS was observed by RT-PCR in parental cells
exposed to normoxia or hypoxia and the mTORC1 inhibitor Torin 1 for 2 h. Images are
representative of at least three biological replicates. All experiments performed in MDA-
MB-231 breast carcinoma.
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Figureb.
Blocking CDH22 impairs hypoxic MDA-MB-231 cell migration, invasion and spheroid

formation. (a) Parental cells or cells stably expressing ShRNA targeting CDHZ22 (clone
KD3.1) incubated with a control non-targeting antibody (IgG) or an antibody targeting the
extracellular domain of CDH22 were exposed to normoxia (21% O,) or hypoxia (1% O,)
for 24 h followed by wound generation. Representative images at 0 h (T0) and 16 h (T16)
after wound generation. (b, c) Transwell migration (b) and invasion (c) assays of parental
cells or cells stably expressing shRNA targeting CDHZ22 incubated with control or anti-
CDH22 antibodies and exposed to normoxia or hypoxia for 24 h. Representative images of
transwell inserts 16 h after seeding and stained with crystal violet. (d) Light micrographs of
spheroids composed of parental cells incubated with control or anti-CDH22 antibodies. Data
are presented relative to normoxic Ctrl as mean £s.e.m., 723, ***/<0.001, using a one-way
ANOVA followed by Tukey’s HSD test. Scale bar, 100 pm.
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Figure®6.
Silencing CDH22 impairs hypoxic MDA-MB-231 cell migration, invasion and spheroid

formation. (a) Western blot of CDH22 hypoxic protein levels in control (Ctrl) cells stably
expressing a non-targeting ShRNA or in cells stably expressing one of two shRNAs targeting
CDHZ22mRNA: Knockdown (KD) 3 and KD4. Two clones of each were generated: KD3.1,
KD3.2, KD4.1 and KD4.2. GAPDH used as a loading control. (b) Control and CDH22 KD
cells exposed to normoxia (21% O») or hypoxia (1% O,) for 24 h followed by wound
generation. Representative images at 0 h (T0) and 16 h (T16) after wound generation. (c, d)
Transwell migration (c) and invasion (d) assays of control and CDH22 KD cells exposed to
normoxia or hypoxia for 24 h. Representative images of transwell inserts 16 h after seeding
and stained with crystal violet. (€) Light micrographs of spheroids composed of control cells
or CDH22-depleted cells (KD3.1). (f, g) Western blot of hypoxia-inducible factor-2a (f) and
active caspase-3 (g) protein levels in lysates of spheroids composed of control cells or
CDH22-depleted cells. Data are presented relative to normoxic Ctrl as mean +s.e.m., 723,
***P<(0.001, using a one-way ANOVA followed by Tukey’s HSD test. Scale bar, 100 pm.
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Figure 7.
CDH22 expression colocalizes with hypoxia and correlates with clinical parameters in

human glioma and invasive ductal breast carcinoma. (a) Immunofluorescence of E-cadherin
and CDH22 in U87MG spheroids. (b, ¢) Immunofluorescence of CDH22 and CA9
(hypoxia) in MDA-MB-231 (b) and U87MG (c) spheroids. (d) Sorting of CA9-positive and
CAO9-negative spheroid cells followed by western blot. (e—j) Immunofluorescence at x 100
magnification of CDH22 and CA9 on tissue sections from human normal brain (€), WHO
grade I11 astrocytoma (f), WHO grade IV glioblastoma (g), normal breast (h), stage Il (i) and
stage IV breast carcinoma (j). Scale bar, 100 pm. Hoechst was used as a marker of cells
(nuclei). (k) Quantification of CDH22 expression in WHO grade 111 glioma (n7=20), WHO
grade IV glioma (7=20) and normal brain tissue (/7=10). (I) Quantification of CDH22
expression in stage 11 (7=19), stage Il (7=11) and stage IV breast carcinoma (/7=9), and
normal breast tissue (17 =10). *~<0.05, ***/F<0.001, using a one-way ANOVA followed by
Tukey’s HSD test. (m, n) Kaplan—Meier plots (univariate analysis) assessing the
progression-free survival of glioma (m; 7=36, HR =0.3648, £=0.0112) and breast
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carcinoma (n; 7= 40, HR =0.4232, £=0.1040) patients grouped into high and low CDH22
expression using the median expression as threshold. A<0.05 was considered statistically
significant using the log-rank test. In a multivariate Cox proportional hazards model
(adjusted for CDH22 and CA9 expression, grade or stage, and tumor size), CDH22
expression remained a statistically significant, or favorable, independent predictor of poor
prognosis in glioma (HR =0.1537, 95% CI =0.0075-0.2999, £=0.0394) and breast
carcinoma (HR =0.4551, 95% CIl =0.1816-1.2289, £=0.156). (0) CDH22 expression
positively correlates with breast carcinoma tumor size (17=40; Pearson’s correlation
coefficient =0.5039, A<0.001). Images are representative of three biological replicates
(spheroids) or 40 patient cases each of glioma and breast carcinoma summarized in
Supplementary Tables S1 and S2. Cl, confidence interval; HR, hazard ratio.
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Reintroduction of exogenous CDH22 restores the ability of MDA-MB-231 cells to migrate,
invade and adhere to one another in hypoxia. (a) Western blot of control (Ctrl) cells stably

expressing a non-targeting shRNA, CDH22 knockdown control (KD Ctrl) cells stably
expressing shRNA targeting CDH22 mRNA and an exogenous empty vector or CDHZ22
codon-optimized coding sequence (clones Exol CDH22 and Exo2 CDH22) in hypoxia and

normoxia. GAPDH used as a loading control. (b—d) Cells in (a) exposed to normoxia or
hypoxia for 24 h followed by wound generation (b), or transwell migration (c) and invasion
(d) assays. (€) Western blot of cells stably expressing ShRNA targeting e/F4£2 and either an
empty vector (4E2KD Ctrl) or exogenous CDH22 (Exo CDH22). (f-h) Cells in (€) exposed
to normoxia or hypoxia for 24 h followed by wound generation (f), or transwell migration
(g) and invasion (h) assays. (i, j) Spheroids composed of CDH22-depleted (i) or elF4E2-
depleted (j) control cells expressing empty vector or exogenous CDH22. (k, I) Western blot
of hypoxia-inducible factor-2a protein in lysates of spheroids from (i) (k) and j (I). (m, n)
Spheroid migration assay (m) and three-dimensional (3D) spheroid invasion assay (n) of
spheroids composed of cells stably expressing exogenous CDH22. (0) Percent increase in
spheroid area (invasion) in 3D invasion assay of spheroids stably expressing exogenous
CDH22 compared with controls stably expressing non-targeting ShRNA. Data are presented
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as mean s.e.m., n=3, ***p<0.001, using a one-way ANOVA followed by Tukey’s HSD
test. Scale bar, 100 pm.
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