
Abstract. Background: Previous work from our group showed
hypoxia can induce endoplasmic reticulum (ER) stress and
block the processing of the WNT3 protein in cells engineered
to express WNT3a. Acute lymphoblastic leukemia (ALL) cells
with the t(1:19) translocation express the WNT16 gene, which
is thought to contribute to transformation. Results: ER-stress
blocks processing of endogenous WNT16 protein in RCH-ACV
and 697 ALL cells. Biochemical analysis showed an
aggregation of WNT16 proteins in the ER of stressed cells.
These large protein masses cannot be completely cleared by
ER-associated protein degradation, and require for additional
autophagic responses. Pharmacological block of autophagy
significantly increased cell death in ER-stressed ALL.
Furthermore, murine cells engineered to express WNT16 are
similarly sensitized.  Conclusion: ALL cells expressing WNT16
are sensitive to ER stress, and show enhanced killing after
addition of chloroquine. These findings suggest a potential
clinical application of inducers of ER stress with inhibitors of
autophagy in patients with high-risk ALL. 

Environmental conditions or drugs can interfere with the
proper functioning of the endoplasmic reticulum (ER) (1). A
block to the normal flow of proteins through the ER results in
ER stress and elicits the compensatory unfolded protein
response (UPR) (2). Proteins can accumulate in the ER in an
improperly folded state after a block of essential ER functions
such as protein folding, disulfide bond formation, or
glycosylation. Due to the presence of unfolded proteins in the
ER, cells initiate a series of responses designed to reduce the

burden of proteins in the ER through decreased translation,
increased chaperone expression, and increased removal of the
malfolded proteins through degradation. If the cell is unable
to relieve the ER stress, then cellular death can ensue (3).

The microenvironment of solid tumors is often poorly
perfused, resulting in regions of hypoxia and nutrient
deprivation (4, 5). However, hypoxia has been also shown to
impact cancer of the bone marrow such as aggressive
leukemia (6). In addition to inducing the hypoxia-inducible
factor 1 (HIF1) transcription factor, severe hypoxia induces
stress in the ER (7, 8). Cells with compromised ability to
respond to ER stress (due to genetic ablation of the x-box
binding protein (XBP1) transcription factor or the Protein
kinase RNA- like endoplasmic reticulum kinase (PERK))
grow poorly as model tumors (9, 10). Pharmacological
inhibition of ER stress responses can also have anticancer
effects in vitro and in model myeloma (11). Hypoxia-induced
ER stress can inhibit the secretion and paracrine activity of
growth factors such as WNT family members (12). WNT
proteins have highly conserved series of 25-27 cysteine
residues that are thought to establish a complex tertiary
structure essential for their activity (13). Lack of oxygen
disrupts the normal formation of disulphide bonds in the
WNT proteins, leading to their retention in the ER and
ultimately in their degradation through proteasomal and
autophagic mechanisms (12). Activation of autophagy under
ER stress conditions is therefore compensatory and leads to
the degradation of unfolded/misfolded protein aggregates
that are not soluble and cannot be degraded by ER associated
degradation (ERAD) (14, 15). 

We have previously shown that hypoxia induces
autophagy via AMP activated protein kinase (AMPK)
activity, in an HIF-independent process (16). We have also
shown that hypoxic ER stress can inhibit the processing of
the WNT family of secreted glycoproteins in engineered
cancer cells (12). In the present study, we again use WNT
glycoproteins as tools to explore the hypothesis that
autophagy is integral to the hypoxia-induced ER stress
response. Here we report studies examining expression of
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endogenous WNT16 protein in pre-B acute lymphoblastic
leukemia (ALL) cell lines after treatment with conditions
that induce ER stress. 

Materials and Methods

Cells, cell culture and reagents. ProB leukemic cell lines RCH-ACV
and 697 cells were cultured in RPMI with 20% fetal bovine serum
(FBS), Murine fibroblast L cells were cultured in Dulbecco’s
modified eagle medium (DMEM) with 10% FBS. For moderate
hypoxia, cells were treated in a variable-oxygen Invivo2 humidified
hypoxia workstation (Ruskinn Technologies, Bridgend, UK). Severe
hypoxia was generated in an anaerobic workstation gassed with 5%
CO2, 5% H2 and 95% N2 containing a palladium catalyst (Sheldon
Co., Cornelius, OR, USA). Transient and stable transfections were
performed using Lipofectamine (Invitrogen, Carlsbad, CA, USA).
MG-132, tunicamycin, thapsigargin, chloroquine, E64 and pepstatin
were purchased from Sigma-Aldrich (Saint Louis, MO, USA).
Dithiothreitol (DTT) was purchased from Invitrogen. The pLPC-
Wnt16 and pLPC empty retroviral vectors were a kind gift from Dr.
Amato Giaccia. 

Retroviral transduction. WNT16 expressing cells were generated by
retroviral transduction. A WNT16-expressing retroviral vector
(pLPC-WNT16) was transfected into HEK 293 Phoenix cells using
Lipofectamine as directed by the manufacturer (Life Technologies,
Grand Island NY USA). After 48 h, the supernatant containing the
retrovirus was collected, filtered and used to transduce the indicated
cell lines in the presence of 5 μg/ml polybrene (Sigma Aldrich, St
Louis MO, USA). WNT16-positive clones were selected using
puromycin, and expression confirmed by immunoblot. 

Western blotting. In brief, treated cells were harvested in RIPA buffer,
lysates were sonicated, cleared by centrifugation, and protein
concentrations were quantitated by BCA reagent (Life Technologies,
Grand Island NY USA). Proteins (25–50 μg) were electrophoresed on
a reducing Tris-Tricine gel, and electroblotted to polyvinyl difluoride
membrane. Antibodies used were mouse anti-β-catenin (BD
Biosciences Pharmingen San Diego CA USA), mouse anti-human
WNT16 (BD Biosciences Pharmingen), LC3 (MBL International
Woburn MA USA), and mouse anti-β-actin (Abcam Hong Kong).
Primary antibodies were detected with species-specific horseradish
peroxidase secondary antibodies (DAKO Carpenteria CA USA) and
visualized with ECL (Amersham Piscataway NJ USA) on a Storm 860
phosphoimager (Molecular Devices San Francisco CA USA).

Thiol modification blocking assay (treatment with N-ethylmaleimide).
Cells were cultured for 24 h and then lysed in RIPA buffer (1%
Triton X-100, 150 mM NaCl, 20 mM Hepes (pH 7.5), 10% glycerol,
1 mM EDTA, 100 mM NaF, 17.5 mM β-glycerophosphate, 1 mM
phenylmethylsulfonyl fluoride, 4 μg/ml aprotinin, 2 μg/ml pepstatin
A) supplemented with fresh 20 mM N-ethylmaleimide (NEM;
Sigma-Aldrich). Cell lysates (30 μg) were analyzed on an 8%
sodium dodecyl sulfate-polyacrylamide gel under reducing (125 mM
DTT) and non-reducing (0 mM DTT) conditions.

Statistical analysis. Pairwise comparisons were made by two-tailed
Students t-test on primary data points. Statistical significance was
accepted at p<0.05.

Results 

Expression of WNT16 is compromised by ER stress in ALL
cells. Previous work from our group examined the processing
of WNT3A in cells engineered to express the protein after
ER stress. We engineered murine L cells and human RKO
colorectal cancer cells to express exogenous WNT3A and
found that WNT processing was impaired during ER stress
from hypoxia, and this down-regulated β-catenin signaling.
We now wished to extend these studies to determine if tumor
cells that naturally expressed WNT family members were
also sensitive to ER stress. Pre-B ALL cells that contain the
fusion protein which joins the transactivation domain of the
E2A protein with the DNA binding domain of the
homeoprotein PBX express WNT16 due to the activity of the
fusion protein (17, 18). We therefore obtained RCH-ACV
and 697 ALL cells and examined WNT16 expression and
biological activity by western blot after treatment with ER
stressing agents. Figure 1 shows that treatment with reduced
oxygen tension causes reduced expression of endogenous
WNT16 in both cell lines (Figure 1A and B). Furthermore,
we also show that there is decreased WNT signaling because
there is less stabilized β-catenin in these cells after treatment
with hypoxia (Figure 1A and B). 

We confirmed that the decreased WNT16 protein is due to
incomplete processing in the ER using the thiols protection
assay. Extracts were collected in N-ethylmaleimide and this
stabilized the thiols and disulphide bonds in the WNT16
protein. The samples were electrophoresed either on a non-
reducing (Figure 1C left) or reducing (Figure 1C right) SDS
polyacrylamide gel. Figure 1C shows that without addition
of DTT to break disulphide bonds, a high fraction of the
WNT16 proteins extracted from hypoxia-treated cells
migrate as very large protein aggregates with apparent
velocity indicating sizes above 250 kDa. Addition of DTT to
these extracts breaks all disulfide bonds and collapses the
WNT16 reactive material to an apparent monomeric size of
45 kDa. We interpret these results to indicate that severe
hypoxia interferes with correct disulphide bond formation of
WNT16 proteins in the ER, because oxygen is the terminal
electron acceptor in the reaction forming disulphide bonds
(7). Without correct 3-dimensional structure, WNT proteins
aggregate, and this signals for their destruction. We also
directly tested cellular processing of WNT16 to classical ER
stressor tunicamycin which inhibits N-linked glycosylation
and DTT which inhibits disulphide bond formation in the
cell. Western blot analysis of lysates from these cells shows
that both these stresses had a profound effect, and reduced
WNT16 protein expression in RCH-ACV cells (Figure 1D). 

Reduced WNT16 expression after ER stress is due to
proteolysis. We have shown that severe hypoxia can
stimulate autophagy in carcinoma cells (16). We, therefore,
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examined WNT16-expressing leukemia cells for markers of
autophagy after treatment with ER stress. Figure 2A shows
that 697 cells treated with either chemical ER stress or
severe hypoxia displayed an increased processing of myosin-
associated light chain protein 3 (LC3-II) that is a marker of
active autophagy (19). Similarly, there was increased
turnover of the adaptor protein p62/sequestrosome 1 in 697
and RCH-ACV cells treated with hypoxia, indicating
autophagic turnover of protein aggregates (20). 

In order to determine if the reduction of WNT16 protein was
due to proteolysis by the proteasome or the autophagasome, we
used inhibitors of each of these processes in ER-stressed cells.
Figures 2B and C show that under normoxia, neither inhibitor
had an effect on WNT16 expression level. However, in

hypoxia, both inhibitors resulted in a partial restoration of
WNT protein levels. These results suggest that both proteasome
and autophagasome/cathepsins contribute to reduced WNT16
protein expression after ER stress from hypoxia. 

ER stress-induced toxicity can be potentiated in ALL cells
with autophagy inhibitors. We next treated ALL cells with
either ER stress-inducing agents, autophagy inhibitors, or
both, and determined the dead fraction by trypan blue
exclusion. Figure 3A shows that when RCH-ACV cells are
treated with hypoxia there was very modest toxicity.
Similarly, the autophagy inhibitors E64/pepstatin and
chloroquine were not very toxic to normoxic cells. However,
when the autophagy inhibitors were combined with hypoxia,
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Figure 1. ER stress causes WNT16 aggregation and destruction. A: 697 Leukemic cells expressing WNT16 were treated for 24 h with increasingly
severe levels of hypoxia as indicated, and WNT16 protein levels were then detected by western blot. WNT16 activity was determined by detection of
the level of stabilized β-catenin. Note that as WNT levels decrease, β-catenin levels decrease accordingly. B: RCH-ACV leukemic cells were treated
similarly and WNT16 levels and activity detected as in (A). C: Determination of WNT protein aggregates in cells treated with severe hypoxia by
means of the thiol protection assay and migration through non-reducing and reducing polyacrylamide gels. Under non-reducing conditions, a large
fraction of WNT16 from hypoxia-treated cells migrated as a slow aggregate, with apparent mass well above 200 kDa. When these samples were
reduced and disulphide bonds broken, monomeric WNT16 was detected. Comparison of left and right panels indicates WNT16 aggregates were due
to aberrant disulphide bond formation. D: WNT16 protein expression is also sensitive to classical drug-induced ER stresses. WNT levels were
determined after treatment with tunicamycin (to inhibit glycosylation) or DTT (to directly inhibit disulphide bond formation). 
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Figure 2. Turnover of WNT16 after ER stress is partly through autophagy A: Analysis of myosin associated light chain 3 processing in 697 cells
exposed to chemical ER stress or severe hypoxia for 12 or 24 h (top panel). Increased LC3-II indicates processing of LC3 at the autophagolysosome.
Decrease of adaptor protein p62 was noted in both 697 cells (middle panel) and RCH-ACV cells (bottom panel) exposed to hypoxia. Note that a
decrease in p62 indicates turnover of protein aggregates in the autophagolysosome. B: Partial rescue of WNT16 protein levels in RCH-ACV cells
exposed to severe hypoxia for 24 h by addition of inhibitors of the proteasome, or the lysosomal proteases for the final 2 h. Note that treatment of
normoxic cells with protease inhibitors did not alter WNT16 level. C: Partial rescue of WNT16 protein expression in ER-stressed 697 cells treated
similarly to the RCH-ACV cells shown in (B).

Figure 3. Toxicity due to ER stress can be potentiated by the addition of autophagy inhibitors. A: Killing of RCH-ACV cells exposed to 72 h of
severe hypoxia or hypoxia with the autophagy inhibitors . There was very modest toxicity in the cells treated with hypoxia alone, but addition of the
autophagy inhibitors greatly enhanced cell killing as measured by trypan blue exclusion. N=3 independent experiments performed in triplicate. B:
Killing of RCH-ACV cells by exposure to 24 h of the chemical ER stresses tunicamycin, Thapsigargin or DTT as indicated, and the potentiation of
the killing from the ER stress by the addition of chloroquine. N=3 Independent experiments performed in triplicate. Statistical significance:
*0.05>p>0.01, **0.01>p>0.001, and ***p<0.001.



there was significant cellular death (Figure 3A). These
experiments were repeated with chemical inducers of ER
stress and resulted in qualitatively similar results, although
the drugs themselves did have some toxicity such that the
increased toxicity with autophagy inhibitors led to a smaller
fold increase (Figure 3B). Thapsigargin and DTT led to
significant increase in cell death with the addition of
chloroquine, while tunicamycin tended to increase toxicity
(p=0.06).

Expression of WNT16 in mouse L cells sensitizes them to ER
stress in combination with autophagy inhibitors. In order to
molecularly connect WNT16 expression with cellular
sensitivity to the two-drug cocktail, we needed a genetically-
matched system that only differed by the expression of the
one gene. However, the ALL cells are dependent on WNT
signaling for survival (18), hence it is not possible to
knockdown WNT16 in these cells. As an alternative, we

expressed WNT16 in murine L cells that are commonly used
to produce WNT proteins in a cell that does not rely on the
biological effects of the growth factor for survival (21).
Figure 4A shows the stable expression of the engineered
WNT16 in L cells after transduction with recombinant
retrovirus. Figure 4B shows that the expression of WNT16
in these cells is significantly reduced after treatment with
hypoxia, and this reduction can be reversed with treatment
of chloroquine or E64/pepstatin. Finally, Figure 4C and D
show that cells expressing WNT16 protein are specifically
sensitized to the disulphide bond disrupter DTT when it was
combined with the autophagy inhibitor chloroquine. Figure
4C shows the acute toxicity after 72 h treatment, and Figure
4D shows the colony formation after 9 days growth of the
cells in the indicated media. Both measures indicate that
there was significant death only of the WNT16-expressing
cells, and only in the combination treatment with ER stress
and chloroquine. 
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Figure 4. Sensitization of mouse L cells to ER stress and autophagy inhibitors by the introduction of WNT16 gene. A: Western blot of lysates from
L cells transduced with empty vector, or those transduced with retrovirus expressing WNT16 as indicated. B: Reduction of WNT16 protein expression
in L cells exposed to 24 h of severe hypoxia and rescue of the expression by addition of either MG132 to inhibit the proteasome, or chloroquine to
inhibit the lysosomal cathepsins for the final 2 h. C: L cells expressing WNT16 are specifically sensitized to killing by the combination of DTT to
induce ER stress and chloroquine to block autophagy. Cells were treated for 72 h and the dead fraction determined by trypan blue exclusion. N=2
independent experiments performed in triplicate. D: ER-stress dependent killing of L cells expressing WNT16 was also measured by colony-formation
assay after plating of 300 cells. This assay also shows specific killing of the WNT16-expressing variant line. N=2 independent experiments performed
in triplicate. Statistical significance: *0.05>p>0.01, and **0.01>p>0.001.



Discussion 

These results support our previous findings and the concept
that hypoxia is a negative regulator of WNT processing and
signaling because it blocks WNT protein in the ER, and
leads to its ultimate destruction. The WNT protein that
accumulates in the ER has improper disulfide bonds and
generates toxic protein aggregates. These aggregates must be
cleared by an autophagic process because the insoluble
aggregates are resistant to ERAD.

Accumulation of malfolded proteins in the ER elicits the
cell to respond with the UPR and the activation of the three
arms of the UPR: PERK-dependent induction of activating
transcription factor 4 (ATF4), endoplasmic reticulum to
nucleus signaling 1 (IRE1/ERN1)-dependent XBP1 splicing
and proteolytic activation of ATF6. Together these three arms
of the response attempt to decompress the ER by slowing the
introduction of new proteins into the ER, and enhancing
proper folding of those proteins already in the ER through
increased chaperone expression, and removal of the proteins
deemed unrepairable. It is well established that the ERAD
pathway is an efficient means of removal of proteins that can
be transported across the ER membrane and into the
cytoplasm for proteasomal destruction (22). However, if
these proteins become aggregated into insoluble tangles, then
the ERAD pathway is not efficient, and an autophagic
process must compensate for their removal (23). 

Paracrine and autocrine WNT signaling has been suggested
as a mechanism for maintaining 'stemness' and aggressiveness
of cancer cells (24, 25). However, these findings suggest that
it may not be quite as simple in vivo for cells in hypoxic
regions of tumors or bone marrow to produce and secrete
WNT growth factors to simulate canonical and non-canonical
β-catenin signaling. Furthermore, WNT gene expression may
even be detrimental to the growth of tumor cells growing in
microenvironmental hypoxia, as compared to activation of β-
catenin by mutation (12). 

The ability of cells to adapt to environmental stress appears
to be essential to the growth of cells in solid tumors (9, 10).
However, hypoxia exists in the bone marrow in health and
disease and influences leukemic progression (26-28). These
studies indicate that hypoxia is an area for additional study to
establish its importance in the natural history of diseases of the
bone marrow. These findings also support the concept that
rational design of combination chemotherapy may include
drugs that influence ER stress (29). If microenvironmental
hypoxia can initiate a condition of ER stress, perhaps addition
of chemotherapeutic agents that enhance ER stress, such as
bortezomib, could be combined with anti-autophagy agents,
such as chloroquine, in order to achieve therapeutic gain. 

WNT proteins have a complex three-dimensional structure.
Expression of WNT proteins in cancer cells can promote
aggressive cancer growth but can also sensitize them to agents

or conditions that cause ER stress. This sensitivity can be
further exploited in a fraction of acute leukemia by the
addition of inhibitors of autophagy. Identifying cancer types
that express WNT proteins (especially those addicted to WNT
protein signaling) may identify those that would be sensitive
to such a therapeutic approach. 
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