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Apoptosis of cancer cells is triggered
by selective crosslinking and inhibition
of receptor tyrosine kinases
Kaidi Wang 1, Xuan Wang1, Yiying Hou1, Huihui Zhou1, Kangsen Mai1 & Gen He1,2

Receptor tyrosine kinases (RTK) have been the most prevalent therapeutic targets in anti-

cancer drug development. However, the emergence of drug resistance toward single target

RTK inhibitors remains a major challenge to achieve long-term remissions. Development of

alternative RTK inhibitory strategies that bypass drug resistance is much wanted. In the

present study, we found that selected cell surface RTKs were inhibited and crosslinked into

detergent resistant complexes by oligomeric but not monomeric concanavalin A (ConA). The

inhibition of RTKs by ConA led to suppression of pro-survival pathways and induction of

apoptosis in multiple cancer cell lines, while overexpression of constitutively activated protein

kinase B (AKT) reversed the apoptotic effect. However, major cell stress sensing checkpoints

were not influenced by ConA. To our knowledge, selective crosslinking and inhibition of cell

surface receptors by ConA-like molecules might represent a previously unidentified

mechanism that could be potentially exploited for therapeutic development.
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Targeted cancer therapies have received substantial successes
in clinics and been the focus of drug development1.
Receptor tyrosine kinases (RTKs) are the major targets for

such approaches, because of their critical roles in cell survival and
proliferation, and aberrantly activated in a wide range of cancers2.
However, cancer cells can become resistant to single target RTK
inhibitors. This occurs either through mutations at the gatekeeper
residues of ATP binding pocket that disrupt the interactions of
RTK inhibitor with the kinase3, or bypassing mechanisms
involving amplification of an alternative RTK that is not pri-
marily targeted4.

Multiple approaches have been made to overcome drug resis-
tance under different circumstances. Allosteric inhibitors that
target different region of the kinase were proposed to avoid
mutant-related resistances5. Compounds and methods that
selectively degrade oncogenic kinase targets were also reported6.
Multiple target therapies were developed either by combination of
single RTK inhibitors or administration of a single compound
targeting multiple RTKs7,8. Nevertheless, these strategies are still
limited by the increased toxicity associated with indiscriminative
signaling inhibition in normal cells9.

Alternatively, efforts have been taken to focus on cellular
processes that cancers exploit and disproportionately rely on10.
Cumulative evidence shows that cancer cells exhibit a completely
different repertoire of glycan structures compared with their
normal counterparts11. The most-widely occurring cancer-
associated changes in glycosylation are sialylation, fucosylation,
O-glycan truncation, and N- and O-linked glycan branching12.
Differential glycosylation has been found to participate in mul-
tiple processes of cancer, including inflammation, immune sur-
veillance, cell adhesion, intra-and inter-cellular signaling and
metabolism11. Notably, changes in the pattern of glycosylation of
cell surface receptors also influence the sensitivity of target
therapy in cancer cells and impact the acquisition of drug resis-
tance13. Targeting altered glycosylation has thus been considered
a new and relatively unexploited strategy for drug development14.

Several therapeutic approaches have been made to target gly-
cosylation. Immunization with carbohydrate antigens for a
potential vaccination in cancer immunotherapy was explored but
hampered by poor immunological response induced by such
glycans15. Inhibitors are developed against galectins that are
carbohydrate-binding proteins actively involved in promoting
cancer progression and metastasis16, but still remain to be tested
in clinical trials. Glycol-biosynthesis machinery also represents a
potential point of intervention. However, it still faces enormous
challenge to discriminate between cancer and normal cells in such
approach17.

In the present study, we report a mechanism of multiple RTK
inhibition through targeting their carbohydrate moieties by
concanavalin A (ConA), which induces apoptosis and potentially
discriminate between cancer and normal cells18. This strategy
should provide potential to bypass drug resistance associated with
single target RTK inhibitors, as well as toxicity of multiple RTK
inhibitions caused by indiscriminative targeting toward normal
cells in previous approaches.

Results
ConA-induced apoptosis in cancerous cell lines. Along with
previous studies conducted in other cell lines18, the apoptotic
effect of ConA was further examined in human cervical (Hela),
colorectal (Caco-2), and lung (A549) carcinoma cells. Quantitated
by Annexin V-FITC/propidium iodide (PI) staining, the apop-
totic ratio was reached from 3.6 ± 0.7–31.2 ± 1.5% in a dose
dependent manner after Hela cells were treated with serial con-
centrations of ConA at 0, 2, 5, 10, 20, 50 μg/ml for 9 h (Fig. 1a,

Supplementary Fig. 1a). For the key molecules involved in
apoptosis initiation, both the phosphorylation levels of anti-
apoptotic B-cell lymphoma-2 (BCL2) and BCL2-associated death
promoter (BAD) were reduced after ConA treatment (Fig. 1b).
Furthermore, ConA stimulated the cleavage/activation of caspase
(CASP) 3 and 9, but not that of CASP8, in the execution phase of
cell apoptosis. These results were further confirmed in Caco-2
and A549 cell lines (Supplementary Fig. 1b). However, the pro-
tein levels of cellular autophagy markers, both BECN1 and
autophagy related 12 (ATG12), were not influenced by ConA
under the present experimental conditions (Fig. 1b).

The effect of ConA on activation of cell surface receptors. The
interactions between ConA and cell surface receptors were
examined by affinity chromatography using biotinylated ConA.
Receptors including insulin receptor (INSR), IGF-1 receptor
(IGFLR1), EGF receptor (EGFR), and hepatocyte growth factor
receptor (MET) were pulled down by biotinylated ConA. How-
ever, transforming growth factor β receptor (TGFBR1), tumor
necrosis factor receptor 1 (TNFR1), and death receptor 4 (DR4)
showed no apparent interaction with ConA. These results were
demonstrated in Hela, Caco-2, and A549 cells (Fig. 2a). The
activities of these cell surface receptors were further examined by
immunoprecipitation using a phosphotyrosine antibody. As
shown in Fig. 2b, the phosphorylated forms of INSR, IGFLR1,
EGFR, and MET were reduced after cells were treated with ConA
at 10 μg/ml for 4 h. However, the phosphorylation of TGFBR1 was
not influenced (Fig. 2c). In order to correlate the receptor binding
and inhibition by ConA with its apoptotic effects, we treated Hela
cells with ConA in the presence of EGTA, which was known to
chelate ions and abolish the ConA binding to glycoproteins19

(Fig. 2a). As shown in Fig. 2d, e, EGTA fully abolished ConA’s
effect on cell apoptosis, judged by both Annexin V-PI staining
(Fig. 2d, Supplementary Fig. 2a) and cleavages of CASP9 (Fig. 2e).

The influences of ConA on intracellular signaling. To further
evaluate the cellular effects of ConA, the activities of multiple key
intracellular signaling molecules were examined. As shown in
Fig. 3a, after 4 h of treatment at serial concentrations in Hela cells,
ConA suppressed the major pro-survival pathways that were
downstream of cell surface RTKs. These include phosphatidyl-
inositol 3-kinase (PI3K), extracellular signal-regulated protein
kinases 1 and 2 (MAPK/ERK), mammalian target of rapamycin
(mTOR) pathways, characterized by the reduced phosphorylation
levels of AKT, MAPK1/2, and p70 S6 Kinase (RPS6KB1). Most
notably, AKT phosphorylation was markedly reduced by ConA
treatment. In addition, ConA suppressed the phosphorylation of
both Forkhead box O1 (FOXO1) and Forkhead box O 3 A
(FOXO3A), which were AKT downstream targets and upstream
regulators of apoptotic cascade20. These results were further
confirmed in Caco-2 and A549 cells (Supplementary Fig. 2b).
Furthermore, overexpression of constitutively activated form of
AKT (CA-AKT) in Hela cells provided full cell resistance to
ConA induced apoptosis, evidenced by levels of CASP9 cleavage,
FOXO1 phosphorylation (Fig. 3b), as well as Annexin V-FITC/PI
staining (Fig. 3c, Supplementary Fig. 2c). On the other hand, the
activities of major critical cell stress sensing molecules, including
the phosphorylation levels of 5′ AMP-activated protein kinase
(PRKAA1), eukaryotic Translation Initiation Factor 2 A (EIF2A),
and I kappa-B kinase-alpha/beta (IKKα/β), as well as the total
level of tumor protein p53 (TP53), were not influenced (Fig. 3a).

Detergent-resistant RTK complex formation by oligomeric
ConA. To understand the mechanism underlying the effects of
ConA, we chose INSR as the representative receptor for further
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characterization. The cellular distribution of INSR was exam-
ined by confocal microscopy in Hela cells. As shown in Fig. 4a,
the evenly membraneous distributed INSR under control con-
dition was shifted to granulated and clumped patches under
ConA treatment, suggesting a possible aggregated status. Fur-
thermore, we found that ConA robustly reduced the solubility
of INSR in RIPA buffer in a dose dependent manner (Fig. 4b).
Under ConA treatment, EGTA blocked the binding of ConA to
INSR and rendered INSR RIPA-soluble, while further calcium
supplementation re-imposed the INSR insolubility (Fig. 4c). To

examine whether this effect is related to detergent resistant
membranes, we treated the cells with the lipid raft disruptor
methyl-β-cyclodextrin (MβCD). However, it showed no effect
on the receptor solubility changes by ConA (Fig. 4d). As shown
in Fig. 4e, not only INSR, but also other receptors, including
EGFR, MET and IGFLR1, became insoluble in 1% CHAPS,
RIPA, and 1% Triton X-100 after ConA treatment, while these
receptors were highly soluble in above detergents in the absence
of ConA. Among detergents we screened, only 1% SDS could
still solubilize these receptors after ConA treatment. Therefore,
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we chose 1% SDS as the cell lysis buffer for phospho-tyrosine
immunoprecipitation (Fig. 2b). However, the solubility of
TGFBR1 in any of the above buffers was not influenced by
ConA (Fig. 4e).

It is known that ConA exists as a tetramer at physiological pH
and has the potential to form crosslinked complexes21. In order to
correlate the cellular responses of ConA with its assembly status,
ConA was photochemically alkylated so that it became mono-
merically stable at physiological pH while still retained its intact
carbohydrate-binding property, as reported before22 and con-
firmed in the present study (Supplementary Fig. 3a, 3b). As
shown in Fig. 4f, in contrast to its tetrameric form, the
monomeric ConA showed no effects on the solubilization and
phosphorylation of INSR, as well as the activities of intracellular
AKT and FOXO1. Monomeric ConA was also not able to induce

apoptosis, evidenced by the non-cleavage of CASP9 and Annexin
V-FITC/PI staining (Fig. 4g, Supplementary Fig. 3c).

ConA blocked conformational activation of INSR. The cell
surface binding of FITC conjugated insulin, IGF-1 and EGF to
their receptors was quantitated by flow cytometry. As shown in
Fig. 5a, these ligand bindings were not influenced by ConA. We
also showed that not only in cells, but also in membrane pre-
paration ConA was able to inhibit INSR phosphorylation
(Fig. 5b). Using the same membrane preparation, we further
probed the conformational dynamics of INSR by limited trypsin
digestion. As shown in Fig. 5c, INSR was inaccessible to trypsin
cleavage in the presence of insulin and ADP. However, the pre-
sence of insulin and AMP-PNP enabled the transition of INSR
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from inactive to active form, which was reported to be liable for
trypsin digestion23,24 and confirmed in the present study. We
further demonstrated that the presence of ConA inhibited this
conformational activation.

Discussion
ConA has been reported to induce apoptosis with DNA frag-
mentation, mitochondrial depolarization and increased ROS
production in multiple cancer cell lines25,26. In the present study,
we further confirmed its apoptotic effect in Hela, Caco-2, and
A549 cell lines. BCL2 family proteins regulate apoptosis by
controlling the permeabilization of the outer mitochondrial

membrane27. The anti-apoptotic BCL2 protein inhibits cyto-
chrome c release through the mitochondrial pore and down-
stream activation of caspase cascade, while dephosphorylated
BCL2-associated death promoter (BAD) binds and inactivate
BCL2, thus initiating apoptosis28. Our results showed that ConA
reduced both BCL2 and phospho-BAD levels. Similar results were
reported in human breast carcinoma MCF-7 cells and other cell
types18. Caspase-mediated apoptosis follows two main pathways,
intrinsic and extrinsic28. For intrinsic apoptosis pathway, for-
mation of apoptosome and activation of CASP9 will cleave and
activate executioner caspases such as CASP329. This leads to
degradation of cellular components for apoptosis and results in
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the characteristic morphology of apoptosis28. Consistent with
previous report in human melanoma A375 cells30, we demon-
strated that ConA stimulated cleavage and activation of both
CASP9 and 3. On the other hand, the activation/self-cleavage of
CASP8 is a hallmark for the execution of extrinsic apoptotic
signaling pathway28,29. In the present study, we did not observe
the activation of CASP8 by ConA treatment. Therefore, ConA
selectively stimulate intrinsic but not extrinsic apoptosis pathway.
ConA was also reported to be able to induce autophagy but with
prolonged treatment (>12 h)31. Indicated by autophagic markers
including BECN1 and ATG12, we did not observe obvious
autophagy in the experimental conditions we used (9 h of ConA
treatment).

ConA’s biological activities are closely associated with its
binding to cell surface receptors with high α-D-mannosyl and α-
D-glucosyl moieties32. It preferentially agglutinates cells trans-
formed by oncogenic viruses more than their untransformed
counterparts and inhibits growth of malignant cells in animals33.
These properties make it an attractive object for further investi-
gation for potential anti-cancer therapies. To date, most of the
studies were conducted on the characterization of ConA’s effect
on apoptotic biomarkers28. However, much less were reported on
the influences of upstream signaling pathways that led to these
apoptotic effects. As shown in the present study, ConA was found
to selectively bind to RTKs including INSR, IGFLR1, EGFR, and
MET, but not with TGFBR1, TNFR1 and DR4. Moreover, the
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present study clearly demonstrated that ConA reduced the
phosphorylation levels of its associated RTKs, but not other cell
surface receptors. EGTA is known to abolish the binding of ConA
to carbohydrates34. The presence of EGTA abolished the apop-
totic effects of ConA (Fig. 2d, e). These results demonstrated that
the apoptotic effect of ConA was dependent on its interactions
with cell surface receptors. The selective inhibition of these
receptors should underlie its specific induction of intrinsic but
not extrinsic apoptosis, which is associated with activation of
receptors including TNFR1 and DR428.

Appropriate RTK signaling is critical for cell survival and
proliferation, while aberrant activation of RTKs and their intra-
cellular signaling pathways have been causally linked to cancers,
diabetes, inflammation, et al.2. The downstream of cell surface
RTKs is a plethora of intracellular signaling molecules that form
interconnected networks to receive signals from RTKs and pro-
cess into combinatorial outcomes35. Understandably, due to
cross-talk mechanisms, inhibition of one RTK leads to compen-
sation of the other RTK or downstream signaling have been
observed and suggested to be a major cause of drug resistance36.
Therefore, a combinatorial inhibition of multiple RTKs and/or

downstream components may have a better effect in cancer
treatment and is much needed37. Among the downstream of cell
surface RTK signaling networks, mTOR, MAPK and PI3K/AKT
signaling cascades are the most critical for cell survival and the
favorable drug targets38. mTOR is a master regulator of cellular
metabolism through multiple pathways activated by intracellular
nutrients and extracellular growth factors and hormones39.
MAPK1/2 cascade responds to the cell surface activation of RTKs
and promotes cell survival by either downregulating the activity
or levels of pro-apoptotic molecules, or upregulating anti-
apoptotic molecules40. In the present study, the activities of
both mTOR and MAPK1/2 signaling were down regulated by
ConA. However, the most prominent signaling change after
ConA treatment was the inhibition of AKT phosphorylation. The
PI3K-AKT pathway receives signals from multiple RTKs41 and is
essential for cell survival as activated AKT influences many fac-
tors involved in apoptosis, either by transcription regulation or
direct phosphorylation42. Once activated, AKT exerts anti-
apoptotic effects through phosphorylation of substrates that
directly regulate the apoptotic machinery such as BAD or CASP9,
or phosphorylation of substrates that indirectly inhibit apoptosis
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Fig. 5 The effects of ConA on ligand binding and conformation of RTKs. a The cell surface binding of FITC conjugated insulin, IGF-1, and EGF in the presence
of ConA at indicated concentrations. Cells either without ligand addition or coincubated with 10 μM naive were served as controls. The fluorescence-
labeled cells were analyzed by flow cytometry. The box plot displays the statistical distribution of FITC fluorescence from the results of the histogram. The
horizontal line in the box indicated the median value. The vertical box indicated the 25th or 75th percentile, and the vertical line indicated the maximum or
minimum value. b Phosphorylated and total INSR in membrane preparations were measured by western blot after being treated with ConA at indicated
concentrations and stimulated with 100 nM insulin for 15 min. c Membrane preparations were incubated with 20 μg/ml ConA for 20min and then
incubated with 100 nM insulin, 1 mM ADP or AMP-PNP for 15 min. Trypsin was added at 200 μg/ml. Samples were collected at different times points and
the cleavages of INSR were examined by western blot using an antibody against the loop region of INSR
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such as forkhead transcription family members43. Accordingly,
ConA was also found to reduce the phosphorylation of BAD and
FOXO1 (Figs. 1b, 3a). Our results further demonstrated that cells
overexpressing constitutively activated AKT became resistant to
ConA-induced apoptosis. This result clearly showed that AKT
was the key molecule that bridged upstream ConA- mediated
RTK inhibition and downstream apoptosis initiation. A plethora
of studies have demonstrated that AKT is frequently over-
expressed and activated in a variety of human cancers, including
lung, breast, ovarian, gastric and pancreatic carcinomas44–46.
Inhibition of AKT activities thus represents an important
approach for drug development47.

A pitfall for multiple targeted therapies is almost always
associated with indiscriminative signaling inhibition and
cytotoxicity5,7,48, which generally cause imbalance of the cellular
homeostasis commonly designated as cellular stress. This in turn
is sensed by a repertoire of intricate signaling checkpoints that are
wired to mitochondrial dynamics and cell death machinery49. In
particular, indicated by the EIF2A (eukaryotic initiation factor
2A) phosphorylation levels, ER stress is known to respond to
environmental stresses to manage cellular injury or alternatively
induce apoptosis by inducing changes in the abundance of BCL2
proteins50. PRKAA1 acts as a primary sensor of mitochondrial
stress and ATP production51. Being a central regulator of cellular
stress responses, NFKB is governed by the phosphorylation of
IKKα/β complex and the stability of I-κB proteins, which deter-
mines the efficiency of NFKB mediated expression of inflam-
mation and survival genes52. Furthermore, transcription factors
such as TP53 have been shown to control the transition between
the rapid and delayed phase of stress responses that possibly lead
to autophagy and/or apoptosis53. In the present study, these
stress-related checkpoints were examined and no immediate
perturbations were found by ConA treatment. These results thus
highlighted the specificity of ConA on intracellular signaling. It
should be noted that the present study was designed to treat the
cells for limited time (4 h) to elucidate the immediate signaling
influenced by ConA. There was study showed that ConA reduced
NFKB and increased TP53 levels in MCF-7 cells after high con-
centrations (up to 100 µg/ml) and prolonged (24 h) treatment26.
Based on our results, these effects should be indirect.

An unexpected finding in the present study was that the RTKs
that were bound and inhibited by ConA became resistant to
multiple cell lysis buffers including 1% CHAPS, 1% Triton X-100,
and RIPA after ConA treatment (Fig. 4e). This effect was selective
because receptors such as TGFBR1 were not influenced. Given
the fact that ConA adopted tetrameric form at physiological pH
and was able to oligomerize glycoproteins such as quail ovalbu-
min in biochemical preparations19, it might be possible that
ConA crosslinked cell surface RTKs and rendered them detergent
resistant. The monomeric form of ConA was prepared and no
longer influenced the solubility and activities of RTKs (Fig. 4f).
The monomeric form of ConA also exerted no apoptotic effects
to cells (Fig. 4g). These results demonstrated that the above cel-
lular effects of ConA were dependent on its oligomeric status.

To further understanding the mechanism of ConA mediated
inhibition of RTKs, we examined the possible influences of ConA
on ligand binding of several RTKs. Previous studies have
demonstrated that ConA did not influence the binding of insulin
to its receptor54, as further confirmed in the present study
(Fig. 5a). We also demonstrated that neither IGF1 nor EGF
binding to their receptors were influenced by ConA. Therefore,
the inhibition of RTKs by ConA was not likely due to impaired
ligand binding. On the other hand, the molecular mechanisms
underlying activation of RTKs share common themes. In general,
ligand binding induces conformational changes involving acti-
vation of the intracellular tyrosine kinase domain and

autophosphorylation55. As a typical example, the active and
inactive conformation of INSR are mainly due to the orientations
of the activation loop, which blocks substrate access to the cata-
lytic cleft in the basal/inactive state while swings away from the
orientation of the inactive conformation to form a platform for
substrate binding56. As demonstrated by previous studies23 and
confirmed in the present study (Fig. 5c), this conformational
change could be readily detected by limited trypsin digestion: the
activation loop of INSR is susceptible for trypsin cleavage upon
activation through ligand and ATP binding but only very weakly
in its basal state. We further demonstrated that ConA readily
inhibited the trypsin cleavages of INSR in the presence of insulin
and AMP-PNP. This might suggest that ConA blocked this
conformational transition from inactive to active state. Further
understanding the conformational dynamics of INSR and other
RTKs under ConA crosslinking should be critical for the
manipulation of activities of these receptors.

A key feature of cancer cell metabolism is high rate of glucose
uptake to cope with the increased energetic and biosynthetic
needs57. The abundance of glucose in the cytoplasm of cancer
cells not only contributes to increased glycolysis but also increases
flux into the metabolic branch pathways, such as the hexosamine
biosynthetic pathway (HBP), which provides substrates for N-
and O-linked glycosylation58. In a cancer context, the high levels
of β1, 6-branched N-glycans destabilizes cell adhesion and favors
the activation of IGFLR1 mediated signaling, thus increasing the
downstream AKT signaling and promote tumor progression59.
Inhibition of N-linked glycosylation has been shown to markedly
reduce RTK signaling and radiosensitize tumor cells60. Notably,
the extracellular domain of receptors for insulin, IGF-1, EGF, etc.
that stimulate cell proliferation and oncogenesis are highly gly-
cosylated61, therefore associated with ConA lattice and became
detergent resistant and inhibited. Conversely, growth-arrest
receptors involved in organogenesis and differentiation (such as
TGFBR1) have few N-glycan sites and are not associated with
ConA lattice.

ConA is known not only to preferentially bind and induce
apoptosis in cancerous cells, but also to simultaneously stimulate
cytokine production and activate the immune system for eradi-
cation of the tumor18. Such dual character of immunomodulating
and apoptosis-inducing activities has drawn much attention for
anti-tumor studies18. The mechanism discovered in the present
study should provide valuable information for further studies
toward this direction. Although there have been evidences
showing that ConA could discriminate between malignant and
non-malignant cells62, it should be acknowledged that ConA was
known to cause liver injury and less likely to directly serve as a
drug63. Further development of tailor-made compounds that are
highly selective to crosslink and inhibit RTKs of tumor cells may
represent another strategy for anti-cancer therapies.

Methods
Cell culture and treatment. The human cervical cancer Hela cells, colon adeno-
carcinoma Caco-2 cells, lung cancer A549 cells were obtained from the Type
Culture Collection of the Chinese Academy of Sciences, Shanghai, China. Hela cells
were maintained in DMEM (Invitrogen, # 10569010) with 10% fetal bovine serum
(Invitrogen, # 10099141) and 1% antibiotics (penicillin 100 U/ml, streptomycin
100 μg/ml) at 37 °C under 5% CO2 in a humidified incubator. Caco-2 cells were
maintained in Eagle’s Minimum Essential Medium (Invitrogen, # 11095080), 20%
fetal bovine serum, 1 mM sodium pyruvate (Invitrogen, #11360088), 2 mM glu-
tamine (Invitrogen, # 25030081) and 1% antibiotics in a humidified atmosphere of
5% CO2 in a humidified incubator. A549 cells were maintained in Ham’s F-12K
(Invitrogen, # 21127022) with 10% fetal bovine serum and 1% antibiotics at 37 °C
under 5% CO2 in a humidified incubator. The cells were tested for mycoplasma
contamination.

For cell transfections, the plasmids used in the present study were obtained
from Addgene, including wild-type AKT (Addgene plasmid # 9021), constitutively
actived AKT (T308D S473D, Addgene plasmid # 14751), and hINSR-GFP
(Addgene plasmid # 22286). Cells were transfected using lipofectamine 3000
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(Thermo, #L3000001) according to the manufacturer’s protocol. Cells were
subjected to further analyses after 48 h of transfection. For compound treatments,
cells were incubated with lipid raft disruptor MβCD (Sigma, # 332615) at 10 mM in
DMEM for 30 min before further treatment with ConA at indicated
concentrations. In separate experiments, cells were co-incubated with ConA and 5
mM EGTA in DMEM for 20 min.

Cell apoptosis assay. Cell apoptosis was measured using an Annexin V-FITC/
propidium iodide (PI) apoptosis detection kit (Beyotime, # C1062) following the
manufacturer’s instructions. Briefly, Hela cells were treated with a series of con-
centrations of ConA (Sigma, #C5275) at 0, 2, 5, 10, 20 or 50 μg/ml in 6-well plates
for 9 h. Cells were then trypsinized and centrifuged at 1000 rpm for 5 min. The cell
pellet was washed with PBS once and re-suspended with 195 μl binding buffer plus
5 μl Annexin V-FITC for 10 min, and stained with 10 μl PI for 10 min. Then, the
samples were diluted with 400 μl binding buffer and approximately 10, 000 cells
from each sample were analyzed with a BD Accuri™ C6 flow cytometer. The
percentage of cells positive for Annexin V-FITC and/or PI was reported inside the
quadrants.

Biotinylated ConA pull-down assay. Cells were lyzed in 50 mM HEPES, 10 mM
MgCl2, 0.1% Triton X-100, 150 mM NaCl with protease inhibitor cocktail. After
pre-cleared with MyOne™ Streptavidin T1 beads (Thermo, # 65601) for 1 hr, cell
lysates were then co-incubated with biotinylated-ConA (0.15 mM) (Vector, #
B1005) and MyOne™ Streptavidin T1 beads for 2 h at 4 °C with rotation. The beads
were then washed three times with ice-cold lysis buffer and captured proteins were
eluted by Laemmli buffer for western blot analysis. The beads pre-blocked with
biotin (0.15 mM) (Sigma, # B4501) served as the control.

Cell signaling analyses. To examine the effects of ConA on intracellular and cell
surface signaling, cells at ~90% confluency were treated with designated con-
centrations of ConA (in DMEM, MEM, Ham’s F-12K for Hela, Caco-2, and A549
cells respectively) for 4 h after the full medium was removed. Subsequently, cells
were replenished with full medium plus ConA for 15 min for cell signaling acti-
vations. The activities of intracellular signaling molecules were examined by wes-
tern blot using the correlated antibodies. For analysis of cell surface receptor
tyrosine kinase activities, cells were lyzed with 50 mM Tris, 150 mM NaCl, 1% SDS
with protease and phosphatase inhibitors for 20 min and diluted with equal volume
of RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 0.5% NP-40, 0.1% SDS, 1 mM
EDTA, pH 7.4, with protease and phosphatase inhibitor cocktail (Roche)). For
phosphotyrosine immunoprecipitation, Hela cell lysates were pre-cleared with
MyOne™ Streptavidin T1 beads (Thermo, # 65601) at 4 °C for 2 h and then
immunoprecipitated with a biotinylated phospho-tyrosine antibody (PY20) (Gibco,
# MA12439) at 4 °C overnight. The immunoprecipitated proteins was captured
with 30 μl magnetic beads for 1 h at 4 °C and washed three times with ice-cold
RIPA buffer. The captured proteins were then eluted from beads with Laemmli
buffer and heated at 95 °C for 5 min for western blot analysis.

Confocal microscopy analysis of INSR. For confocal microscopy analysis, Hela
cells were seeded onto poly-lysine coated coverslips (Corning, # 354086) and
transfected with hINSR-GFP (Addgene plasmid # 22286) using lipofectamine 3000
following the manufacturer’s protocol. After 48 h of transfection, cells were treated
with ConA at 0, 5, 10 μg/ml for 20 min and fixed with 4% paraformaldehyde
(Sigma, # P6148) for 20 min at room temperature. The coverslips were then washed
three times with PBS, mounted on microscope slides and visualized by confocal
microscopy using a Nikon A1 laser scanning confocal microscope. All experiments
were repeated at least three times.

Detergent solubility analysis of cell surface receptors. For detergent solubility
analysis, Hela cells were treated with or without ConA at 20 μg/ml for 20 min and
rinsed twice with ice-cold PBS. Afterwards, cells were lyzed in 50 mM Tris, 150
mM NaCl, with 1% CHAPS, 1% Triton X-100, or 1% SDS separately with protease
inhibitor cocktail for 1 h at 4 oC. Otherwise, cells were lyzed with RIPA buffer (50
mM Tris, 150 mM NaCl, 0.5% NP-40, 0.1% SDS, 1 mM EDTA, pH 7.4, with
protease inhibitor cocktail (Roche)). Cell lysates were cleared by centrifugation at
12,000 g for 20 min at 4 °C. The supernatants were collected and added with equal
volume of 2x Laemmli buffer. The pellets were solubilized with the same total
volume of hot Laemmli buffer as the supernatant did. Both the supernatants and
the solubilized pellets were subjected for western blot analysis of cell surface
receptors.

Preparation of monomeric ConA. Monomeric ConA was prepared and purified
according to the procedure described before with minor modifications22. Specifi-
cally, a solution was prepared with 10 mM Tris, 1 M NaCl, 1 mM MnCl2, 1 mM
CaCl2, 10 mM methyl α-D-mannopyranoside, 100 mM chloroacetamide, pH 7.3.
This solution was deoxygenated under argon for 60 min and used to dissolve ConA
to a final concentration of 1.5 mg/ml. The ConA solution was irradiated with a
high-pressure mercury lamp (1000W) for 90 min and then dialyzed against 0.1 M
Tris to remove methyl mannose. The solution was concentrated by ultrafiltration

(Amicon, MW cutoff 10, 000 Da) and passed through a column of Superdex 200
Increase 10/300 GL using 50 mM Tris, 150 mM NaCl, 100 mM glucose as the
mobile phase. The elution of different forms of ConA was monitored with UV
absorption at 280 nm and determined by SDS-PAGE. The molecular weight was
calibrated using a gel filtration calibration kit (GE Healthcare, # 28403841). The
purified monomeric and tetrameric ConA was further dialyzed against 10 mM
sodium acetate, 1 mM MnCl2 and 1 mM CaCl2 pH 4.6, and concentrated by
ultrafiltration before they were used for further experiments.

Ligand binding assay. The cell surface ligand binding assay was conducted as
described before64. Specifically, Hela cells were grown in 10 cm dishes to
approximately 70% confluency and treated with ConA at 0, 5, 10, 20 μg/ml for 20
min. Subsequently, 1 μM FITC-labeled insulin or IGF-1 (produced by Shanghai
Top-peptide Biotechnology) was added with or without 10 μM native insulin or
IGF-1 for 30 min to reach equilibrium of ligands binding65. For EGF binding, A549
cells were treated with ConA at indicated concentrations and incubated with 0.5
μM FITC-EGF in the presence or absence of 5 μM naive EGF for 30 min. Cells were
washed three times with ice-cold PBS and analyzed using a BD Accuri™ C6 flow
cytometer. All experiments were repeated at least three times.

Cell membrane preparation. The crude membrane preparation was conducted as
described previously66. Briefly, after washed twice with ice-cold PBS, Hela cells
were scrapped and pelleted through centrifugation at 5000 rpm for 5 min. Cells
were then resuspended and homogenized in 10 mM HEPES, 250 mM sucrose, 5
mM MgCl2, 5 mM CaCl2 with protease and phosphatase inhibitors using a glass
Dounce homogenizer, followed by centrifugation at 5000 rpm for 5 min. The
supernatant was collected and further centrifuged at 100,000 g for 2 h using a
HITACHI CS150GX II ultracentrifuge. The membrane pellets were collected and
stored at −80 °C for further experiments.

In vitro autophosphorylation of INSR. The in vitro activation and autopho-
sphorylation of INSR was conducted following the previously published protocol67.
Briefly, membrane pellets prepared above were homogenized in reaction buffer (10
mM Tris, 5 mM MgCl2, 5 mM MnCl2, 0.1% Triton X-100, pH 7.4) with protease
and phosphatase inhibitor cocktail. The homogenate was then treated with ConA
at 0, 5, 10, 20 μg/ml and stimulated with 100 nM insulin and 1 mM ATP (Sangon, #
A600020-0005) at room temperature for 15 min. The samples were then added
with RIPA buffer for western blot analysis. Reactions without ATP supplementa-
tion were used as controls.

Limited trypsin digestion. The limited trypsin digestion was conducted as
described before with minor modifications23. The membrane pellets prepared
above were homogenized with reaction buffer (10 mM Tris, 10 mM MgCl2, 5 mM
MnCl2, 0.1% TritonX-100, pH 7.4) and incubated with 20 μg/ml ConA for 20 min.
Otherwise, samples without ConA were incubated with 20 μg/ml of BSA were
served as controls. Afterwards, the samples were then incubated with 100 nM
insulin, 1 mM ADP (Sangon biotech, # A610016) or AMP-PNP (Sigma, # A2647),
and then trypsin (Sigma, # T6567) was added at a final concentration of 200 μg/ml.
The reactions were conducted at 25 °C and stopped at different time points by
Laemmli buffer. The cleavages of INSR were examined by western blot using an
antibody against the activation loop of INSR (CST, # 3025).

Western blot analysis. For western blot analysis, cells were rinsed twice with ice-
cold PBS and lyzed with the indicated lysis buffers. The cell lysates were collected
after centrifugation at 12,000 g for 20 min at 4 °C. Protein concentration was
determined by a BCA Protein Assay Kit according to the manufacturer’s instruc-
tions. After normalization, samples (10 µg of protein) were separated by SDS-
PAGE gel for 1 h at 150 V and then transferred to a 0.45-µm polyvinylidene
difluoride membrane (PVDF) (Millipore) for 1 h at 100 V. After transfer, the
membrane was blocked with 5% nonfat milk in TBST for 1 h and incubated with
primary antibodies (1:1000) overnight at 4 °C, followed by secondary antibodies for
1 h, and developed with ECL Reagents (Beyotime Biotechnology). The following
antibodies were used: antibodies against BCL2 (CST, # 4223), phospho-BAD
(Ser136) (CST, # 4366), BAD (CST, # 9239), CASP9 (CST, # 9502), CASP3 (CST, #
9665), CASP8 (CST, # 9746), BECN1 (CST, # 3738), ATG12 (CST, # 4180),
phospho-INSR (Tyr1150/1151) (CST, # 3024), INSR (CST, # 3020), IGFLR1 (CST,
# 3027), EGFR (CST, # 2232), MET (Santa Cruz, # 8057), phospho-TGFBR1
(Thermo, # PA5-40298), TGFBR1 (Santa Cruz, # 518018), TNFR1 (Santa Cruz, #
8436), DR4 (Santa Cruz, # 8411), phospho-Tyr (PY20) (Thermo, # MA12439),
phospho-AKT (Thr308) (CST, # 13038), phospho-AKT (Ser473) (CST, # 3787),
AKT (CST, # 9272), phospho-MAPK1/2 (Thr202/Tyr204) (CST, # 4370), MAPK1/
2 (CST, # 9107), phospho-RPS6KB1 (Thr389) (CST, # 9205), RPS6KB1 (CST, #
9202), phospho-FOXO1 (Ser256) (CST, # 9461), FOXO1 (CST, # 2880), phospho-
FOXO3A (Ser253) (CST, # 9466), FOXO3A (CST, # 2497), phospho-PRKAA1
(Thr172) (CST, # 50081), PRKAA1 (CST, # 5831), phospho-EIF2A (Ser51) (CST, #
3597), EIF2A (CST, # 9722), TP53 (CST, # 2527), phospho-IKKα/β (Ser176/180)
(CST, # 2679), CHUK (CST, # 11930), IKBKB (CST, # 8943), HA-tag (CST, #
3724), β-TUBULIN (CST, # 2146). The densities of the protein bands were nor-
malized to that of β-TUBULIN, which served as an inner control. All the band
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intensities were quantified using NIH Image 1.63 software. Full size western blot
images are shown in Supplementary Figs. 4 to 8.

Statistics and reproducibility. All statistical evaluations were analyzed by one-
way analysis of variance (ANOVA) followed by Tukey’s HSD post hoc test using
the software SPSS 19.0. Tukey’s HSD post hoc test was used to examine treatment
differences among the interactions. When the interaction was significant, the
results were further analyzed using one-way ANOVA and Turkey’s HSD post hoc
test. In case unequal variance was determined by Levene’s test, the data were square
root-transformed before statistical analysis. A value of P < 0.05 was considered
statistically significant. Each value is expressed as means ± S.E.M. All experiments
were repeated at least three times.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the corresponding
author on reasonable request. The source data underlying plots are provided in
Supplementary Data 1.

Received: 26 December 2018 Accepted: 23 May 2019

References
1. Shih, H. P., Zhang, X. D. & Aronov, A. M. Drug discovery effectiveness from

the standpoint of therapeutic mechanisms and indications. Nat. Rev. Drug
Discov. 17, 19–33 (2017).

2. Lemmon, M. A. & Schlessinger, J. Cell signaling by receptor tyrosine kinases.
Cell 141, 1117–1134 (2000).

3. Stommel, J. M. et al. Coactivation of receptor tyrosine kinases affects the
response of tumor cells to targeted therapies. Science 318, 287–290 (2007).

4. Niederst, M. J. & Engelman, J. A. Bypass mechanisms of resistance to receptor
tyrosine kinase inhibition in lung cancer. Sci. Signal 6, re6 (2013).

5. Wu, P., Clausen, M. H. & Nielsen, T. E. Allosteric small-molecule kinase
inhibitors. Pharmacol. Ther. 156, 59–68 (2015).

6. Wang, M. et al. Development of heat shock protein (Hsp90) inhibitors to
combat resistance to tyrosine kinase inhibitors through Hsp90-kinase
interactions. J. Med. Chem. 59, 5563–5586 (2016).

7. Fishman, M. C. & Porter, J. A. A new grammar for drug discovery. Nature
437, 491–493 (2005).

8. Keith, C. T., Borisy, A. A. & Stockwell, B. R. Multicomponent therapeutics for
networked systems. Nat. Rev. Drug Discov. 4, 71–78 (2005).

9. Wagner, J. P. et al. Receptor tyrosine kinases fall into distinct classes based on
their inferred signaling networks. Sci. Signal 6, ra58 (2013).

10. Claudia, V. A., Grisel, C. & Mario, Z. The basal transcription machinery as a
target for cancer therapy. Cancer Cell Int. 14, 18–33 (2014).

11. Magalhães, A., Duarte, H. O. & Reis, C. A. Aberrant glycosylation in cancer: a
novel molecular mechanism controlling metastasis. Cancer Cell 31, 733–735
(2017).

12. Pinho, S. S. & Reis, C. A. Glycosylation in cancer: mechanisms and clinical
implications. Nat. Rev. Cancer 15, 540–555 (2015).

13. Kim, W. Y. et al. EGFR and K-Ras mutations and resistance of lung cancer to
IGF-1R tyrosine kinase inhibitors. Cancer 118, 3993–4003 (2012).

14. Padler-Karavani, V. Aiming at the sweet side of cancer: aberrant glycosylation
as possible target for personalized-medicine. Cancer Lett. 352, 102–112
(2014).

15. Catherine, R., Richard, M. I., Zuzana, J. & Lindy, D. Glycans as targets for
therapeutic antitumor antibodies. Future Oncl. 8, 943–960 (2012).

16. Wdowiak, K. et al. Galectin targeted therapy in oncology: current knowledge
and perspectives. Int. J. Mol. Sci. 19, 210–231 (2018).

17. Gerberlemaire, S. & Juilleratjeanneret, L. Glycosylation pathways as drug
targets for cancer: glycosidase inhibitors. Mini Rev. Med. Chem. 6, 1043–1052
(2006).

18. Lei, H. Y. & Chang, C. P. Lectin of Concanavalin A as an anti-hepatoma
therapeutic agent. J. Biomed. Sci. 16, 10–22 (2009).

19. Mandal, D. K. & Brewer, C. F. Interactions of concanavalin A with
glycoproteins: formation of homogeneous glycoprotein-lectin cross-linked
complexes in mixed precipitation systems. Biochemistry 31, 12602–12609
(1992).

20. Zhang, X., Tang, N., Hadden, T. J. & Rishi, A. K. Akt, FoxO and regulation of
apoptosis. Biochim. Biophys. Acta Mol. Cell Res 1813, 1978–1986 (1978).

21. Mohanty, K. D. & Surolia, A. The role of metal ions in substrate recognition
and stability of concanavalin A: a molecular dynamics study. Biophys. J. 96,
21–34 (2009).

22. Mangold, S. L. & Cloninger, M. J. Binding of monomeric and dimeric
Concanavalin A to mannose-functionalized dendrimers. Org. Biomol. Chem.
4, 2458–2465 (2006).

23. Frankel, M. et al. Intrasteric inhibition of ATP binding is not required to
prevent unregulated autophosphorylation or signaling by the insulin receptor.
Mol. Cell. Biol. 21, 4197–4207 (2001).

24. Maddux, B. A. & Goldfine, I. D. Evidence that insulin plus ATP may induce a
conformational change in the beta subunit of the insulin receptor without
inducing receptor autophosphorylation. J. Biol. Chem. 266, 6731–6736 (1991).

25. Liu, B., Min, M. W. & Bao, J. K. Induction of apoptosis by Concanavalin A
and its molecular mechanisms in cancer cells. Autophagy 5, 432–433 (2009).

26. Shi, Z. et al. In silico analysis of molecular mechanisms of legume lectin-
induced apoptosis in cancer cells. Cell Prolif. 46, 86–96 (2013).

27. Brunelle, J. K. & Letai, A. Control of mitochondrial apoptosis by the Bcl-2
family. J. Cell Sci. 122, 437–441 (2009).

28. Portt, L., Norman, G., Clapp, C., Greenwood, M. & Greenwood, M. T. Anti-
apoptosis and cell survival: a review. Biochim. Biophys. Acta Mol. Cell Res
1813, 238–259 (2011).

29. Mcilwain, D. R., Berger, T. & Mak, T. W. Caspase functions in cell death and
disease. Cold Spring Harb. Perspect. Biol. 5, a008656 (2013).

30. Liu, B. et al. Antiproliferative activity and apoptosis-inducing mechanism of
Concanavalin A on human melanoma A375 cells. Arch. Biochem. Biophys.
482, 1–6 (2009).

31. Chang, C. P., Yang, M. C., Liu, H. S., Lin, Y. S. & Lei, H. Y. Concanavalin A
induces autophagy in hepatoma cells and has a therapeutic effect in a murine
in situ hepatoma model. Hepatology 45, 286–296 (2010).

32. Kanellopoulos, P. N. et al. The crystal structure of the complexes of
concanavalin A with 4′-nitrophenyl-alpha-D-mannopyranoside and 4′-
nitrophenyl-alpha-D-glucopyranoside. J. Struct. Biol. 116, 345–355
(1996).

33. Liu, B., Bian, H. J. & Bao, J. K. Plant lectins: potential antineoplastic drugs
from bench to clinic. Cancer Lett. 287, 1–12 (2010).

34. Ikegami, Y., Nishio, H., Fukuda, T., Nakata, Y. & Segawa, T. Effect of
concanavalin A on intracellular calcium concentration in single blood
platelets. Jpn. J. Pharmacol. 57, 233–241 (1991).

35. Kriegsheim, A. V. et al. Cell fate decisions are specified by the dynamic ERK
interactome. Nat. Cell Biol. 11, 1458–1464 (2009).

36. Logue, J. S. & Morrison, D. K. Complexity in the signaling network: insights
from the use of targeted inhibitors in cancer therapy. Genes Dev. 26, 641–650
(2012).

37. Regad, T. Targeting RTK signaling pathways in cancer. Cancers 7, 1758–1784
(2015).

38. Krakstad, C. & Chekenya, M. Survival signalling and apoptosis resistance in
glioblastomas: opportunities for targeted therapeutics. Mol. Cancer 9, 135–149
(2010).

39. Hosking, R. mTOR: The master regulator. Cell 149, 955–957 (2012).
40. Mebratu, Y. & Tesfaigzi, Y. How ERK1/2 activation controls cell proliferation

and cell death: Is subcellular localization the answer? Bioorg. Med. Chem. Lett.
14, 4343–4346 (2004).

41. Wymann, M. P., Zvelebil, M. & Laffargue, M. Phosphoinositide 3-kinase
signalling—which way to target? Trends Pharmacol. Sci. 24, 366–376 (2003).

42. Franke, T. F., Hornik, C. P., Segev, L., Shostak, G. A. & Sugimoto, C. PI3K/Akt
and apoptosis: size matters. Oncogene 22, 8983–8998 (2003).

43. Manning, B. D. & Cantley, L. C. AKT/PKB signaling: navigating downstream.
Cell 129, 1261–1274 (2007).

44. Chen, X. F. et al. Constitutively active Akt is an important regulator of TRAIL
sensitivity in prostate cancer. Oncogene 20, 6073–6083 (2001).

45. Clark, A. S., West, K., Streicher, S. & Dennis, P. A. Constitutive and inducible
Akt activity promotes resistance to chemotherapy, trastuzumab, or tamoxifen
in breast cancer cells. Mol. Cancer Ther. 1, 707–717 (2002).

46. Brognard, J., Clark, A. S., Ni, Y. C. & Dennis, P. A. Akt/protein kinase B is
constitutively active in non-small cell lung cancer cells and promotes cellular
survival and resistance to chemotherapy and radiation. Cancer Res. 61,
3986–3997 (2001).

47. Mattmann, M. E., Stoops, S. L. & Lindsley, C. W. Inhibition of Akt with small
molecules and biologics: historical perspective and current status of the patent
landscape. Expert Opin. Ther. Pat. 21, 1309–1338 (2011).

48. Park, J. H. Advances in the discovery and development of heat-shock protein
90 inhibitors for cancer treatment. Expert Opin. Drug Discov. 6, 559–587
(2011).

49. Kroemer, G. Metabolic control of cell death. Antioxid. Redox Signal. 4,
405–414 (2002).

50. Tabas, I. & Ron, D. Integrating the mechanisms of apoptosis induced by
endoplasmic reticulum stress. Nat. Cell Biol. 13, 184–190 (2011).

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-019-0484-5

10 COMMUNICATIONS BIOLOGY |           (2019) 2:231 | https://doi.org/10.1038/s42003-019-0484-5 | www.nature.com/commsbio

www.nature.com/commsbio


51. Wang, S., Song, P. & Zou, M. H. AMP-activated protein kinase, stress
responses and cardiovascular diseases. Clin. Sci. 122, 555–573 (2012).

52. Oeckinghaus, A., Hayden, M. S. & Ghosh, S. Crosstalk in NF-κB signaling
pathways. Nat. Immunol. 12, 695–708 (2011).

53. Federico, P. et al. Regulation of autophagy by stress-responsive transcription
factors. Semin. Cancer Biol. 23, 310–322 (2013).

54. Marsh, J. W., Westley, J. & Steiner, D. F. Insulin-receptor interactions.
Presence of a positive cooperative effect. J. Biol. Chem. 259, 6641–6649
(1984).

55. Maruyama, I. N. Mechanisms of activation of receptor tyrosine kinases:
monomers or dimers. Cells 3, 304–330 (2014).

56. Hubbard, S. R., Wei, L., Ellis, L. & Hendrickson, W. A. Crystal structure of the
tyrosine kinase domain of the human insulin receptor. Nature 372, 746–754
(1994).

57. Pavlova, N. N. & Thompson, C. B. The emerging hallmarks of cancer
metabolism. Cell Metab. 23, 27–47 (2016).

58. Chiaradonna, F., Ricciardiello, F. & Palorini, R. The Nutrient-sensing
hexosamine biosynthetic pathway as the hub of cancer metabolic rewiring.
Cells 7, 53–82 (2018).

59. De-Freitas-Junior, J. C. M., Andrade-Da-Costa, J., Silva, M. C. & Pinho, S. S.
Glycans as regulatory elements of the insulin/IGF system: impact in cancer
progression. Int. J. Mol. Sci. 18, 1921–1936 (2017).

60. Contessa, J. N., Bhojani, M. S., Freeze, H. H., Rehemtulla, A. & Lawrence, T. S.
Inhibition of N-linked glycosylation disrupts receptor tyrosine kinase
signaling in tumor cells. Cancer Res. 68, 3803–3809 (2008).

61. Lau, K. S. & Dennis, J. W. N-glycans in cancer progression. Glycobiology 18,
750–760 (2008).

62. Fuster, M. M. & Esko, J. D. The sweet and sour of cancer: glycans as novel
therapeutic targets. Nat. Rev. Cancer 5, 526–542 (2005).

63. Massaguer, A. et al. Concanavalin-A-induced liver injury is severely impaired
in mice deficient in P-selectin. J. Leukoc. Biol. 72, 262–270 (2002).

64. Ziegler, O. et al. Insulin binding to human cultured lymphocytes measured
by flow cytometry using three ligands. Cytom. B Clin. Cytom. 16, 339–345
(2010).

65. Yunn, N. O. et al. Agonistic aptamer to the insulin receptor leads to biased
signaling and functional selectivity through allosteric modulation. Nucleic
Acids Res. 43, 7688–7701 (2015).

66. Abulrob, A. et al. Interactions of EGFR and caveolin-1 in human glioblastoma
cells: evidence that tyrosine phosphorylation regulates EGFR association with
caveolae. Oncogene 23, 6967–6979 (2004).

67. Burant, C. F., Treutelaar, M. K. & Buse, M. G. In vitro and in vivo activation of
the insulin receptor kinase in control and denervated skeletal muscle. J. Biol.
Chem. 261, 8985–8993 (1986).

Acknowledgements
This study was supported by the National Key R&D Program of China (2018YFD0900400),
National Natural Scientific Foundation of China grant (31572627 and 31772860), Aoshan
Talents Cultivation Program Supported by Qingdao National Laboratory for marine science
and technology (2017ASTCP-OS12), Fundamental Research Funds for the Central Uni-
versities (201822017) to GH, and China Agriculture Research System (CARS-47-G10) to
KM. We also thank Dr. William Sellers for providing the 1477 pcDNA3 flag HA AKT
plasmid, Dr. Jim Woodgett for providing the HA PKB T308D S473D pcDNA3 plasmid, Dr.
Joseph Bass for providing the hINSR-GFP plasmid.

Author contributions
G.H. and K.M. designed the research. G.H., K.W., and X.W. conducted the research,
analyzed the data, and wrote the paper. H.Z. and Y.H. provided technical assistance and
contributed to the preparation of the figures. All authors read and approved the final paper.

Additional information
Supplementary information accompanies this paper at https://doi.org/10.1038/s42003-
019-0484-5.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-019-0484-5 ARTICLE

COMMUNICATIONS BIOLOGY |           (2019) 2:231 | https://doi.org/10.1038/s42003-019-0484-5 | www.nature.com/commsbio 11

https://doi.org/10.1038/s42003-019-0484-5
https://doi.org/10.1038/s42003-019-0484-5
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio
www.nature.com/commsbio

	Apoptosis of cancer cells is triggered by�selective�crosslinking and inhibition of�receptor�tyrosine kinases
	Results
	ConA-induced apoptosis in cancerous cell lines
	The effect of ConA on activation of cell surface receptors
	The influences of ConA on intracellular signaling
	Detergent-resistant RTK complex formation by oligomeric ConA
	ConA blocked conformational activation of INSR

	Discussion
	Methods
	Cell culture and treatment
	Cell apoptosis assay
	Biotinylated ConA pull-down assay
	Cell signaling analyses
	Confocal microscopy analysis of INSR
	Detergent solubility analysis of cell surface receptors
	Preparation of monomeric ConA
	Ligand binding assay
	Cell membrane preparation
	In vitro autophosphorylation of INSR
	Limited trypsin digestion
	Western blot analysis
	Statistics and reproducibility
	Reporting summary

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




