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normal cells and GRP78 expression on the  
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Abstract: Lung cancer is the leading cause of cancer-related deaths. Lung cancer cells develop resistance to apop-
tosis by suppressing the secretion of the tumor suppressor Par-4 protein (also known as PAWR) and/or down-
modulating the Par-4 receptor GRP78 on the cell surface (csGRP78). We sought to identify FDA-approved drugs 
that elevate csGRP78 on the surface of lung cancer cells and induce Par-4 secretion from the cancer cells and/or 
normal cells in order to inhibit cancer growth in an autocrine or paracrine manner. In an unbiased screen, we identi-
fied crizotinib (CZT), an inhibitor of activated ALK/MET/ROS1 receptor tyrosine kinase, as an inducer of csGRP78 
expression in ALK-negative, KRAS or EGFR mutant lung cancer cells. Elevation of csGRP78 in the lung cancer cells 
was dependent on activation of the non-receptor tyrosine kinase SRC by CZT. Inhibition of SRC activation in the 
cancer cells prevented csGRP78 translocation but promoted Par-4 secretion by CZT, implying that activated SRC 
prevented Par-4 secretion. In normal cells, CZT did not activate SRC and csGRP78 elevation but induced Par-4 se-
cretion. Consequently, CZT induced Par-4 secretion from normal cells and elevated csGRP78 in the ALK-negative 
tumor cells to cause paracrine apoptosis in cancer cell cultures and growth inhibition of tumor xenografts in mice. 
Thus, CZT induces differential activation of SRC in normal and cancer cells to trigger the pro-apoptotic Par-4-GRP78 
axis. As csGRP78 is a targetable receptor, CZT can be repurposed to elevate csGRP78 for inhibition of ALK-negative 
lung tumors.
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Introduction

Lung cancer is a leading cause of cancer-re- 
lated deaths in the world [1]. A majority (80-
85%) of the lung cancers are classified as non-
small cell lung cancers (NSCLCs) that include 
adenocarcinoma, squamous cell carcinoma, 
and large cell carcinoma; about 10-15% are 
small cell lung cancers; and fewer than 5% are 
lung carcinoid tumors. Oncogenic mutations in 

KRAS, EGFR, ALK, MET, ROS1, PI3KCA, or BRAF 
are the key drivers of NSCLC [2]. Lung tumors 
initially respond to chemotherapy, but resis-
tance rapidly develops in most patients [3, 4].

Recent studies have indicated that cell-surface 
GRP78 (csGRP78) is a targetable receptor in 
cancer cells [5-11]. GRP78 resides primarily in 
the endoplasmic reticulum (ER) in normal cells 
where it plays an essential role in protein fold-
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ing and cell survival [6-8]. In cancer cells, how-
ever, GRP78 is aberrantly localized to the cell 
surface [5-11]. This differential aberrant loca-
tion on the cancer cell surface allows csGRP78 
to bind ligands that will trigger downstream cell 
signaling pathways, including proliferation, sur-
vival, and apoptosis [10, 11]. It is particularly 
interesting that csGRP78 operates as a recep-
tor for α2-macroglobulin that induces tumor 
growth and survival [6]. The elevated expres-
sion of csGRP78 is associated with cancer 
stemness and metastasis [5, 10]. Death-
inducing natural ligands such as the tumor sup-
pressor Prostate apoptosis response-4 (Par-4 
aka PAWR) or Kringle 5, a proteolytic fragment 
of human plasminogen, can bind to csGRP78 
and trigger cancer cell death [6, 7, 9, 11]. This 
latter process led us to study mechanisms for 
suppressing NSCLCs using ligands that take 
advantage of the appearance of csGRP78 on 
the surfaces of these cancer cells.

Par-4 is a ubiquitously expressed leucine zipper 
containing protein [12]. Par-4 expression is 
compromised in cancer cells by diverse mecha-
nisms, including inactivation by AKT cell surviv-
al kinase-mediated phosphorylation, methyla-
tion-dependent suppression of the Par-4 pro-
moter, or spontaneous mutation [13-16]. Loss 
of Par-4 in breast cancer or glioblastoma 
results in therapy resistance, cancer recur-
rence and a decline in patient survival [17-19]. 
Genetic knockout of Par-4 in mice results in 
obesity within 3-4 months [20]. Consistent with 
its role as a tumor-suppressor, spontaneous 
tumors develop in diverse organs as Par-4 

knockout mice grow older [21]. However, over-
expression of Par-4 induces apoptosis in can-
cer cell lines, but not normal cells, and Par-4 
transgenic mice exhibit a normal life span and 
cancer-free survival [22].

Par-4 protein functions intracellularly in the 
cytoplasm or nucleus, or is secreted and func-
tions extracellularly to induce cancer cell apop-
tosis [12]. Our previous studies have indicated 
that Par-4 is secreted by normal cells via the 
classical ER-Golgi secretory pathway, and 
extracellular Par-4 binds to GRP78 on the can-
cer cell surface to trigger apoptosis by activa-
tion of the FADD-caspase-8-caspase-3 path-
way [7]. Except for a few normal cell types such 
as endothelial cells and monocytes, the levels 
of csGRP78 in most normal cells, including nor-

mal/immortalized lung epithelial and fibroblast 
cells, are low and such cells are therefore resis-
tant to the action of csGRP78 targeting killer 
ligands including secreted Par-4 [5-9, 11].

Some lung tumors that initially respond to ther-
apy subsequently develop treatment resistance 
[3, 4]. Because resistance to lung cancer treat-
ment represents an important, unsolved prob-
lem [2-4], and because csGRP78 in cancer 
cells is a promising and actively pursued targe-
table receptor [5-9, 11], we are interested in 
identifying drugs that induce csGRP78 and ren-
der both therapy-sensitive and therapy-resis-
tant cells vulnerable to the action of extracellu-
lar Par-4. We present evidence that crizotinib 
(CZT), a first-generation inhibitor of activated 
ALK/MET/ROS1 [23-26], paradoxically acti-
vates the non-receptor tyrosine kinase SRC in 
lung cancer cells that lack active ALK/MET/
ROS1 (herein referred to as ALK-negative), to 
induce csGRP78 translocation and susceptibil-
ity to Par-4. Interestingly, SRC activated by CZT 
inhibits Par-4 secretion. CZT activates SRC in 
cancer cells but not normal cells, and therefore 
induces Par-4 secretion but does not elevate 
csGRP78 in normal cells. This differential regu-
lation of SRC by CZT results in induction of 
Par-4 secretion from normal cells and csGRP78 
elevation in cancer cells leading to paracrine 
growth inhibition of ALK-negative cancer cell 
cultures and xenografts in mice.

Methods

Cells

Human lung cancer cells A549, and prostate 
cancer cells LNCaP, mouse lung cancer cells 
LLC-1, and human lung fibroblast cells HEL and 
epithelial cells BEAS-2B were from ATCC, 
Gaithersburg, MD (Table S1). Human lung can-
cer cells H460, NCI-H1975 (H1975), H1299, 
were from Carla F. Kim (Harvard Medical 
School); NCI-H1650 (H1650), H2030, and 
H2009 were from Christine F. Brainson 
(University of Kentucky) authenticated by IDEXX 
CellCheck9 (North Grafton, MA). Parent A549 
and their paclitaxel-resistant derivative A549TR 
cells were previously described [27]. Mouse 
KP7B lung adenocarcinoma tumor cells, 
derived from KRAS mutant and p53-null lung 
tumors that were induced by the Cre-adeno- 
virus in C57BL/6 KRASG12D/+; p53-/- mice, were 
from Professor Tyler Jacks’ laboratory [28]. 



Crizotinib upregulates targetable csGRP78

978 Am J Cancer Res 2023;13(3):976-991

KP7B tumors maintain the disease relevance 
of the lung cancer model. Par-4+/+ and Par-4-/- 
mouse embryonic fibroblasts (MEFs) were from 
wild type and Par-4-null C57BL/6 mouse 
embryos [20]. Mouse adult lung fibroblasts 
(ALF) were isolated from C57BL/6 wild type 
adult mouse lungs, and p53-/- MEFs were from 
p53-null C57BL/6 mouse embryos [20]. The 
cell lines were authenticated as previously 
described [27].

Chemicals, recombinant proteins, and siRNA 

The FDA-approved library of 1400+ compounds 
(L1300) was purchased from Selleck Chemicals 
LLC (Houston, TX). Brefeldin A (BFA) and other 
chemicals were purchased from Sigma Aldrich 
(St. Louis, MO) or Fisher Scientific (Hampton, 
NH) or were synthesized according to literature 
procedures. Purified His-Par-4 was prepared as 
described previously using the baculoviral pro-
tein expression system (GenScript, NJ) [27].

Chemicals were purchased from either Milli- 
pore Sigma (St. Louis, MO) or Fisher Scientific 
(Hampton, NH) unless otherwise specified. 
Solvents were purchased from commercial ven-
dors and used without further purification 
unless otherwise noted. Proton nuclear mag-
netic resonance spectra were acquired on a 
Varian instrument at 400 MHz. Compounds 
were chromatographed on preparative layer 
Merck silica gel F254 (Fisher Scientific) plates 
unless otherwise indicated.

Preparation of N-(2-(2-(3-(4-(4-(6-amino-5-((R)-
1-(2,6-dichloro-3-fluorophenyl)ethoxy)pyridin-
3-yl)-1H-pyrazol-1-yl)piperidin-1-yl)-3-oxopropo- 
xy)ethoxy)ethyl)-5-(2-oxohexahydro-1H-thie- 
no[3,4-d]imidazol-4-yl)pentanamide (Biotinyla- 
ted-CZT). To a solution of 60 mg (0.15 mmol) of 
3-(2-(2-(5-(2-oxohexahydro-1H-thieno[3,4-d]
imidazol-4-yl)pentanamido)ethoxy)ethoxy)pro-
panoic acid in 1 mL of N,N-dimethylformamide 
(DMF) was added successively 30 mg (0.223 
mmol, 1.5 eq) of 1-hydroxybenzotriazole (HOBt), 
43 mg (0.223 mmol, 1.5 eq) of N-(3-dimethy- 
laminopropyl)-N’-ethylcarbodiimide hydrochlo-
ride, 67 mg (0.15 mmol, 1 eq) of Crizotinib 
{3-[(1R)-1-(2,6-dichloro-3-fluorophenyl)ethoxy]-
5-[1-(piperidin-4-yl)-1H-pyrazol-4-yl]-pyridin-
2-amine} and 30 mg (0.3 mmol, 2 eq) of trieth-
ylamine. The mixture was stirred for 15 h at 
25°C, poured into water, extracted with dichlo-
romethane, dried over magnesium sulfate and 

concentrated. The crude product was purified 
by chromatography using 1:10 methanol-dich- 
loromethane (Rf 0.3) to provide 74 mg (59%) of 
Biotinylated-CZT. 1H NMR (400 MHz, CDCl3) δ 
7.74 (d, J = 1.8 Hz, 1H), 7.54 (d, J = 0.8 Hz, 1H), 
7.52 (d, J = 4.7 Hz, 1H), 7.30 (dd, J = 8.9, 4.8 Hz, 
1H), 7.05 (dd, J = 8.9, 7.9 Hz, 1H), 6.86 (d, J = 
1.9 Hz, 1H), 6.83-7.76 (m, 1H), 6.40 (br.s, 1H), 
6.06 (q, J = 6.7 Hz, 1H), 5.44-5.33 (m, 1H), 
4.89 (d, J = 4.9 Hz, 2H), 4.71 (d, J = 13.6 Hz, 
1H), 4.53-4.41 (m, 1H), 4.39-4.19 (m, 2H), 
4.04 (d, J = 14.1 Hz, 1H), 3.82 (t, J = 6.4 Hz, 
1H), 3.67-3.56 (m, 4H), 3.54 (t, J = 4.9 Hz, 2H), 
3.45-3.36 (m, 2H), 3.21 (t, J = 12.9 Hz, 1H), 
3.16-3.05 (m, 1H), 2.93-2.83 (m, 1H), 2.80 (t, J 
= 12.7 Hz, 1H), 2.74-2.52 (m, 3H), 2.28-2.10 
(m, 4H), 2.08-1.87 (m, 4H), 1.85 (d, J = 6.7 Hz, 
3H), 1.76-1.57 (m, 3H), 1.48-1.30 (m, 2H).

Antibodies and siRNA duplexes

The Par-4 rabbit polyclonal antibody was previ-
ously described by us [20]. GRP78 (E-4; 
sc-166490) antibody, GAPDH antibody (G-9; 
sc365062), pan-cytokeratin antibody (AE1/
AE3; sc-81714) and c-SRC siRNA (human) (sc-
29228) were purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA). We pur-
chased 4, 6-diamidino-2-phenylindole (DAPI) 
from Vector Laboratories, Inc., Newark, CA. 
Active caspase 3 antibody (D175; 9661S), Csk 
(C74C1; 4980S), Src (2108S), p-Src (Y416; 
2101S) antibodies were from Cell Signaling 
Technology, Danvers, MA. The Alexa Fluor 488 
conjugated goat anti-mouse secondary anti-
body (A55058) was purchased from Invitrogen 
Corporation, Waltham, MA. The β-actin anti-
body (A5315) was purchased from Sigma 
Chemical Corp. On-Targetplus human HSPA5 
(GRP78) siRNA SMARTPool (L-0081198-00-
0005) was purchased from Dharmacon Re- 
agents (Horizon, Lafayette, CO).

Cell surface GRP78 detection

Cells were examined for csGRP78 as previously 
described [7]. Briefly, the cells were exposed to 
the indicated treatments and subjected with-
out fixing to the GRP78 primary antibody (E-4) 
or IgG control antibody (mouse IgG isotype  
control 10400C; Invitrogen), followed by Alexa 
Fluor 488-conjugated secondary antibody. The 
cells were then scored for cell surface immuno-
fluorescence under a confocal microscope or 
by fluorescence activated cell sorting (FACS) 
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analysis at the Markey Cancer Center Flow 
Cytometry and Immune Monitoring Shared 
Resource Facility.

Apoptosis and cell viability assays

Cancer cell viability was measured in blinded 
experiments using resazurin (R7017 Sigma-
Aldrich). The cells were seeded in 96-well plates 
and after 24 h or the indicated duration of 
treatment, the resazurin assay was performed 
as per the manufacturer’s instructions. The 
absorbance of the dye at 490 nm was mea-
sured using a microplate reader.

Apoptotic cells were identified by immunocyto-
chemical (ICC) analysis for active caspase-3, 
and apoptotic nuclei were detected by DAPI 
staining. A total of three independent experi-
ments were performed; and 100-500 cells 
were scored in each experiment for apoptosis 
using a fluorescence microscope.

Screening for drugs that activate critical com-
ponents of the Par-4-csGRP78 pathway 

Using the Selleck 1400+ drug library we per-
formed a two-step screen for compounds that 
induced cell death on their own and/or elevat-
ed csGRP78 expression thereby rendering the 
target cells susceptible to extracellular Par-4. In 
the first step, the compounds from the library 
were tested in 10 μM amounts to identify drugs 
that induce growth inhibition of ALK-negative 
lung cancer cells A549, A549TR, and KP7B on 
their own. The top-ranking candidate drug in 
this screen was CZT. We confirmed with resa-
zurin assays that CZT induced growth inhibition 
in these ALK-negative lung cancer cells at 10 
μM concentration (Figure S1A). At this concen-
tration, CZT was expected to cause growth inhi-
bition either by Par-4- and csGRP78-dependent 
or independent mechanisms. To identify a sub-
set of the drugs that elevated csGRP78 and 
promoted growth inhibition by Par-4- and 
csGRP78- dependent mechanisms, we includ-
ed a second step of screening for Par-4 secre-
tion, csGRP78 elevation, and apoptosis res- 
ponse in the presence or absence of recombi-
nant Par-4 (100 nM). This second step in the 
screen used CZT at 10 μM as well as 1 μM, 
which reflects the amounts available in the 
plasma of patients treated with the drug. CZT 
at 10 μM but not at 1 μM induced Par-4 secre-

tion from the lung cancer cells (Figure S1B). 
CZT (10 μM as well as 1 μM or 0.5 μM), but not 
rapamycin, which inhibits mTOR and induces 
autophagy [29], elevated csGRP78 expression 
in the ALK-negative lung cancer cells (Figure 
S1C, S1D). However, CZT at 1 μM sensitized the 
lung cancer cells to apoptosis by recombinant 
Par-4 (His-Par-4) (Figure S1E). 

Pull down experiments

To identify the target protein for compound CZT, 
pull-down experiments were performed as 
described by us previously and subjected to 
western blot [30].

Animal experiments

NOD-Scid gamma IL2R-deleted (NSG) mice 
(from Jackson Laboratory, Bar Harbor, ME, at 8 
weeks of age) were injected through the subcu-
taneous (s.c.) route with 2 × 106 human cancer 
cells. KP7B cells (2 × 106 cells) were injected 
s.c. into Par-4+/+ mice and Par-4-/- mice. When 
the tumors reached a volume of 30 mm3, the 
animals were administered CZT (25 mg/kg) or 
vehicle (as a control) by oral gavage. The gavage 
solution contained PEG400, Vitamin E TPGS 
(D-alpha-Tocopherol polyethylene glycol 1000 
succinate), Poloxamer 407, PBS-1x in a ratio of 
25:10:1:64. The tumors were measured using 
Vernier calipers every 2-3 days for period of up 
to 20 days. Mouse plasma samples were col-
lected at the end of each experiment and sub-
jected to western blot analyses. The animal 
procedures were performed in compliance with 
University of Kentucky IACUC approval.

Computational modeling and methods

Molecular modeling of CZT binding was per-
formed using MOE and VinaMPI, a parallelized 
docking engine for Autodock Vina. The list of 
protein ascensions and other general proce-
dures were essentially the same as in our previ-
ous computational studies for carrying out the 
Molecular Dynamics (MD) simulations [30-34]. 
Briefly, CZT was docked using VinaMPI into the 
binding cavities identified by MOE’s Site Finder 
tool and the resulting poses were refined by MD 
simulations. The predicted targets were c-SRC, 
TYK2, JAK2, PDGFRA, FGFR2, CSK, and ALK. 
Binding predictions for the human tyrosine 
kinase c-SRC (PDB code 2SRC) were further 
evaluated for an improved prediction of binding 
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pose and energetics. This was done by per-
forming an energy minimization of the predict-
ed bound conformation from Vina docking, fol-
lowed by 300 ps of dynamics and another 
stage of energy minimization where the protein 
was held fixed. The simulations were performed 
in MOE using the amber forcefield. The average 
interaction potential energy, in kcal/mol, was 
collected over the trajectories and used to rank 
binding poses. Also, the final minimized struc-
ture was used to collect a binding energy from 
the MOE docking tool without using a place-
ment algorithm (i.e., the minimized ligand pose 
was used as the docked structure and just a 
score was collected).

Statistical analysis

We performed the experiments in triplicate to 
verify the reproducibility of these observations 
and summarized the data as the mean of at 
least 3 experiments + Standard Deviation (SD). 
The Statistical Analysis System software (SAS 
Institute, Cary, NC) was used for statistical 
analyses. The P values were calculated as indi-
cated either using the Student’s t test or the 
two-way ANOVA model with data normality and 
equality of variance assumptions was employed 
to examine the effect of interaction between 
two different treatments. 

Results

CZT induces dose-dependent elevation of cs-
GRP78 in ALK-negative cancer cells but not in 
normal/immortalized lung cells

Mutations in V-Ki-ras2 Kirsten rat sarcoma viral 
oncogene homologue (KRAS) are found in 
~30% of patients with newly diagnosed NSCLC 
[2]. We therefore used KRAS-mutant A549 
NSCLC cells that are resistant to apoptosis by 
extracellular Par-4 [35], A549TR cells that are 
taxane-resistant derivatives of A549 cells [27], 
and KP7B cells [27] as target cells to identify 
drugs that would elevate csGRP78 and thereby 
sensitize the cells to the action of secreted Par-
4. An unbiased screen of an FDA-approved drug 
library (see Methods) for such compounds led 
to the identification of CZT as the top-ranked 
candidate. CZT is best known as an inhibitor of 
activated ALK/MET/ROS1 receptor tyrosine 
kinases and is a standard-of-care for patients 
with ALK+ lung tumors [23, 24]. When tested 
for elevation of csGRP78 expression at 1 μM 

concentration that matches the level found in 
the plasma of CZT-treated patients [36], CZT 
induced elevation of csGRP78 in ALK-negative 
cancer cells that expressed mutant-KRAS 
(A549, A549TR, KP7B) or NRAS (H1299) but 
not in normal/immortalized lung cells (BEAS-
2B, HEL) (Figures S1B and 1A). As CZT can also 
inhibit activated MET, we tested whether savoli-
tinib (SAV), an authentic inhibitor of MET, upreg-
ulated csGRP78 expression. These studies 
included KRAS mutant cells (A549TR, H1299 
and H460), as well as EGFR-mutant NSCLC 
cells (H1650 and H1975), because EGFR-
mutations are found in about 30% of NSCLCs 
[2]. As seen in Figure 1B, CZT but not SAV 
induced csGRP78 expression in all the KRAS-
mutant cells, as well as EGFR-mutant/wild type 
KRAS lung cancer cell lines that were tested. 
Co-treatment with CZT sensitized lung cancer 
cells to apoptosis by recombinant Par-4 pro-
tein, implying that CZT induces csGRP78 that is 
functionally active in inducing downstream sig-
naling (Figure S1E). Moreover, tunicamycin (TU), 
which is known to prevent N-linked glycosyl-
ation of proteins and cause ER-stress, elevated 
csGRP78 (Figure S1F), implying a companion 
role for ER stress in this process. 

CZT activates SRC by an ER-stress indepen-
dent mechanism

A recent study has suggested that GRP78 
translocation to the cell surface is associated 
with the activation of SRC in some but not all 
cancer cell lines [37]. Phosphorylation of SRC 
at tyrosine 530 (Y530) by C-terminal SRC 
kinase (Csk) and Csk homologous kinase re- 
sults in inactivation of SRC [38, 39]. Dephos- 
phorylation of Y530 by phosphatases results in 
autophosphorylation of SRC at Y419, leading to 
its activation [40, 41]. To determine whether 
SRC activation is essential for CZT to translo-
cate GRP78 to the cell surface, we tested the 
effect of CZT on SRC activation. Cancer cells, 
as well as normal/immortalized cells were 
treated with CZT or vehicle, and the levels of 
Y419 phosphorylation, as an indicator of SRC 
activation, were determined. As seen in Figure 
1C, CZT elevated Y419 phosphorylation levels 
of SRC in cancer cells that are ALK-negative but 
not in normal/immortalized cells. Several other 
ALK-inhibitors, namely brigatinib, alectinib (sec-
ond generation) and lorlatinib (third generation) 
[42], but not the ER-stress inducing agent TU, 
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Figure 1. CZT induces csGRP78 in cancer cells by SRC kinase-dependent mechanism. A. CZT induces csGRP78 
in cancer cells but not in normal cells. Lung cancer KP7B and A549 cells expressing mutant-Ras, and normal/im-
mortalized lung epithelial BEAS-2B or fibroblasts HEL cells were treated with the indicated concentrations of CZT or 
vehicle. Cells were analyzed for csGRP78 as indicated in Methods. B. CZT but not the Met-inhibitor savolitinib (SAV) 
induces csGRP78 in cancer cells. Lung cancer cells with mutant-Ras (H1299 and H460) or mutant-EGFR (H1650 
and H1975) were treated with 500 nM CZT, SAV, or vehicle (V). C. CZT induces phosphorylation of SRC in cancer 
cells, but not in normal/immortalized cells. Lung cancer cells (LLC-1, H1650, H1975, A549, A549TR, H1299) or 
normal/immortalized lung cells (BEAS-2B, HEL) were treated with the indicated concentrations of CZT or vehicle (v) 
for 24 h. Whole-cell lysates were subjected to western blot analysis for pY419-SRC (pSRC), total SRC, and GAPDH or 
actin as loading control. Fold change in pSRC and total SRC levels in response to CZT relative to vehicle is shown. 
D. SU6656 inhibits GRP78 transport to the cell surface. A549, H1650 or H1975 cells were treated with 1 µM CZT 
or vehicle in the presence or absence of SRC-inhibitor SU6656 (5 µM) for 24 h. E. Knockdown of SRC inhibits cell 
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induced phosphorylation at Y419 in SRC (Figure 
S1G). As expected, the other ALK-inhibitors 
brigatinib and alectinib induced csGRP78 
expression (Figure S1H). Moreover, the SRC-
inhibitor SU6656 or siRNA mediated inhibition 
of SRC blocked CZT-induced translocation of 
GRP78 to the cell surface (Figure 1D, 1E). This 
outcome indicated that SRC activation is 
essential for csGRP78 elevation by CZT. These 
findings suggested that CZT activated SRC, and 
that SRC activation is essential for transloca-
tion of csGRP78 by CZT. 

Role of ER-stress in GRP78 transport to the 
cell surface

As the ER-stress inducer TU failed to elevate 
Y419 phosphorylation levels of SRC, we further 
tested whether ER stress played a role in SRC 
activation and csGRP78 elevation by CZT. 
These experiments used 4-phenylbutyrate 
(4PB) to block the unfolded protein response 
and ER-stress [43]. We found that CZT-inducible 

csGRP78 was blocked by 4PB (Figure S2A). 
4PB did not block pY419-SRC induction by CZT 
(Figure S2B). These findings imply that CZT-
induced ER-stress is essential for csGRP78 
elevation and that SRC activation by CZT may 
occur upstream of ER-stress in the pathway 
leading to cell surface translocation of GRP78. 

CZT targets SRC

To determine the direct target of CZT in cancer 
cells, we used a molecular modeling approach 
followed by pull-down of the potential target 
proteins with a biologically active biotinylated 
analog of CZT. Molecular docking using the 
AutoDock Vina and MOE programs led to the 
prediction of SRC as a potential target of CZT 
(Figure 2A). Each of the possible binding modes 
identified by the docking scores and proximity 
to the ATP binding site, where competitive bind-
ing occurs, or binding near Y530 of SRC was 
used for rigorous binding calculations as 
described in Methods. The computationally 

surface transport of GRP78. A549 or H1975 cells were treated with SRC-siRNA or control (CON)-siRNA for 24 h and 
then treated with 500 nM CZT or vehicle for 24 h (Left Panels). Knockdown of SRC was confirmed by western blot 
analysis (Right Panels). A, B, D and E. Percentage of csGRP78-positive cells was calculated and Mean + SD values 
are shown. *P < 0.001 by Student’s t test.

Figure 2. CZT binds to SRC. A. CZT binding (dashed circle) to SRC. CZT binds near the C-terminal domain of SRC and 
may disrupt the inactive state by preventing phosphorylation on the nearby tyrosine. Key interactions among CZT 
and SRC residues are shown. B. Pull-down experiments indicate that CZT binds to SRC but not to CSK. Whole-cell 
lysates of A549 cells were incubated with vehicle, biotinylated-CZT or biotinylated-ebastine (EBS), as a negative 
control, and streptavidin beads. Bound proteins were eluted from the beads with D-biotin. Eluates were subjected 
to western bot analysis with SRC antibody (Top Panel), or with CSK and GAPDH control antibody (Bottom Panel).
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modeled SRC-CZT binding structure revealed 
intermolecular interactions between CZT and 
SRC (Figure 2A). As SRC was found to be acti-
vated by CZT, we focused on SRC in pull-down 
studies.

We generated a biotinylated-CZT analog and 
confirmed that it induces csGRP78 (Figure S3). 
In pull-down studies (described in Methods), we 
identified SRC as a target of CZT (Figure 2B). As 
indicated above, CZT binds to SRC and induces 
SRC activation, as evidenced by pY419 phos-
phorylation. By contract, CZT did not bind to 
CSK (Figure 2B), implying that SRC activation 
was associated with binding of CZT to SRC and 
not binding and sequestration of CSK by CZT.

CZT induces Par-4 secretion in normal cells 
but not in cancer cells

The original strategy was to combine CZT, which 
upregulated csGRP78 in cancer cells, with chlo-

roquine (CQ), which causes secretion of Par-4 
from normal cells [44], as a combination thera-
py for inhibiting tumor growth in mice. Prior to 
conducting the mouse experiments, we sought 
to rule out the possibility of Par-4 secretion  
triggered by CZT alone as it could potentially 
confound the findings with the CZT and CQ 
combination. To determine whether CZT induc-
es Par-4 secretion, we treated various normal 
cells and cancer cells with CZT and examined 
the cell culture conditioned medium (CM) for 
secreted Par-4. As seen in Figure 3A, CZT alone 
induced Par-4 secretion in normal cells but not 
in cancer cells. Moreover, treatment of normal 
C57BL/6 mice that did not carry any tumors 
with CZT resulted in increased secretion of 
Par-4 in the plasma (Figure 3A). As CZT acti-
vated SRC in cancer cells but not in normal 
cells, we tested whether activated SRC prevent-
ed Par-4 secretion in cancer cells. Various ALK-
negative cancer cell lines were treated with CZT 

Figure 3. CZT induces Par-4 secretion in normal/immortalized cells. A. CZT induces Par-4 secretion in normal/im-
mortalized cells (MEFs, HEL, BEAS-2B) and mice but not in lung cancer cells. Cells were treated with vehicle (V) or 
CZT (at indicated nM concentrations) for 24 h. C57BL/6 mice were treated with V or CZT for 5 days. Aliquots of the 
conditioned medium (CM) from the cells or mouse plasma samples were then subjected to western blot analysis 
for Par-4. The corresponding gels were stained with Coomassie blue, and the intensity of Par-4 bands were normal-
ized relative to albumin. Fold change in Par-4 in response to CZT relative to vehicle is shown. B. CZT induces Par-4 
secretion in normal/immortalized cells, but several other drugs do not. HEL cells were treated with vehicle or the 
indicated drugs (at 500 nM) for 24 h. Aliquots of the CM from the cells were then subjected to western blot analysis 
for Par-4. The corresponding gels were stained with Coomassie blue, and the intensity of Par-4 bands were normal-
ized relative to albumin. Fold change in Par-4 in response to each drug relative to vehicle is shown.
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in the presence or absence of the SRC inhibitor 
SU6656 and the CM was tested for secreted 
Par-4. These experiments indicated that SRC 
inhibition restored Par-4 secretion by CZT in the 
cancer cells (Figure S4A), implying that activat-
ed SRC prevents Par-4 secretion in cancer 
cells.

To interrogate if other ALK-inhibitors induce 
Par-4 secretion in normal cells, we tested the 
effect brigatinib, alectinib, lorlatinib, and CZT 
as control, as well as savolitinib (MET-inhibi- 
tor), YM-155 (survivin-inhibitor), afatinib (EGFR-
inhibitor), and alicertib (Arora kinase inhibitor) 
in HEL cells. These experiments indicated that 
CZT but none of the other drugs induced Par-4 
secretion from normal cells (Figure 3B). As 
Par-4 secretion has been previously shown to 
be induced via the classical ER-Golgi secretory 
pathway [7, 30, 45], we tested whether CZT 
also induces Par-4 secretion in normal cells  
via the classical pathway. Accordingly, HEL or 
BEAS-2B cells were tested for Par-4 secretion 
by CZT in the presence or absence of brefeldin 
A (BFA), which inhibits the classical ER-Golgi 
pathway. As seen in Figure S4B, BFA inhibited 
Par-4 secretion into the CM of normal cells 
treated with CZT. These findings imply that CZT 
induces Par-4 secretion in normal cells via the 
classical pathway.

CZT-induced secreted Par-4 from normal cells 
inhibits viability of CZT-treated lung cancer 
cells

As CZT translocates GRP78 to the cancer cell 
surface and induces Par-4 secretion from nor-
mal cells, we tested whether the CM from CZT-
treated normal cells inhibited viability of CZT-
treated cancer cells. CZT induced the secretion 
of Par-4 into the CM of Par-4+/+ MEFs but not 
Par-4-/- MEFs (Figure 4A). As our previous  
studies (44) indicated that p53 function is 
essential for Par-4 secretion, we used p53-/- 
MEFs to test whether CZT induces Par-4 secre-
tion by a p53-dependent mechanism. As seen 
in the Figure 4A, CZT failed to induce Par-4 
secretion in these p53-null MEFs, implying that 
similar to previous findings, Par-4 secretion 
induced by Crizotinib is p53-dependent. CZT 
alone failed to inhibit the viability of ALK-
negative lung cancer cells (Figure 4B). On the 
other hand, when the cancer cells were pre-
treated with CZT to elevate csGRP78 and then 

treated with CM (+IgG antibody) from Par-4+/+ 
MEFs treated with CZT, we noted the inhibition 
of cancer cell viability (Figure 4C). The effect of 
the CM was neutralized by the Par-4 antibody 
or GRP78 antibody relative to the control IgG 
antibody (Figure 4C). The CM from Par-4-/- MEFs 
treated with CZT failed to inhibit cancer cell 
viability (Figure 4C). Similarly, the CM from CZT-
treated mouse adult lung fibroblast (ALF) cells 
but not vehicle-treated ALF cells inhibited the 
viability of lung cancer cells (Figure S5A). To fur-
ther confirm the role of csGRP78 on cancer 
cells in the action of secreted Par-4, we 
knocked-down GRP78 expression in lung can-
cer cells using two different siRNAs and then 
treated the cells with CZT and/or recombinant 
Par-4. These experiments indicated that knock-
down of GRP78 blocked the growth inhibitory 
effect of recombinant Par-4 in cells treated with 
CZT (Figure S5B).

CZT-induced secreted Par-4 from normal cells 
causes apoptosis in CZT- treated lung cancer 
cells

As secreted Par-4 is known to inhibit viability of 
cancer cells by induction of apoptosis [7, 44, 
46], we tested whether the CM from CZT-
treated normal cells causes apoptosis in can-
cer cells. The CM from CZT-treated Par-4+/+ 
MEFs but not Par-4-/- MEFs induced apoptosis 
of the cancer cells that were treated with CZT 
(Figure S6A). On the other hand, transfer of CM 
from the CZT-treated Par-4+/+ cells to vehicle-
treated cancer cells did not induce apoptosis in 
the cancer cells (Figure S6A). The effect of the 
CM from CZT-treated MEFs was neutralized by 
the Par-4 antibody and GRP78 antibody relative 
to IgG control antibody (Figure S6A). Lung can-
cer A549 cells that were co-cultured with nor-
mal lung HEL cells, but not those that were 
grown separately, underwent apoptosis when 
treated with CZT (Figure S6B). Importantly, the 
CM from CZT-treated HEL cells but not vehicle-
treated HEL cells (Figure S6C) induced apopto-
sis of CZT-treated lung cancer cells in a Par-4 
and GRP78-dependent manner. Moreover, 
organoid cultures of mouse lung cancer cells 
from genetically engineered bronchiolar mu- 
tant-EGFR (L858R; T790M) lung bronchiolar 
tumors grown with mouse primary endothelial 
cells underwent growth inhibition with CZT 
(described in Figure S6D). Collectively, these 
findings indicate that CZT-induced secreted 



Crizotinib upregulates targetable csGRP78

985 Am J Cancer Res 2023;13(3):976-991

Figure 4. Par-4 secreted by normal cells treated with CZT inhibits cancer cell viability and tumor growth. (A) CZT 
induces Par-4 secretion in mouse embryonic fibroblasts (MEFs) from Par-4+/+ mice but not from Par-4-/- or p53-/- 
mice. The indicated MEFs were treated with CZT (1 µM) or vehicle (V) for 24 h, and the CM was examined for Par-4 
secretion by western blot analysis. (B) CZT by itself does not inhibit cell viability of lung cancer cells. Lung cancer 
cells were treated with CZT (1 µM) or vehicle (V) for 24 h, and cell viability was examined by resazurin assays. (C) CM 
from CZT treated Par-4+/+ MEFs, but not Par-4-/- MEFs, inhibits cancer cell viability. Lung cancer cells A549, H1650, 
H1975, and KP7B were pretreated with CZT or vehicle (V) for 24 h and washed three times. The cells were then 
treated with the CM from normal cells Par-4+/+ or Par-4-/- MEFs treated with CZT. Prior to treating the cancer cells 
with the CM, we pre-incubated the CM for 30 min with Par-4 antibody, GRP78 antibody or control IgG. After 24 h 
of treatment, the cells were subjected to resazurin assays. Mean + SD values are shown. *P < 0.001 by Student’s 
t test. (D) CZT treatment inhibits the growth of xenografts derived from lung tumor cells. NSG mice were injected 
s.c. with H1650 or H1975 cells. When the tumors grew to 30 mm3, the mice were administered CZT (25 mg/kg 
body weight) or vehicle (n=5 per group) once every day for 19 consecutive days by oral gavage. (E) Inhibition of lung 
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Par-4 from normal cells causes apoptosis and 
growth inhibition in CZT-treated lung cancer 
cells.

CZT inhibits the growth of ALK-negative tumor 
cell implants in mice

As CZT induces Par-4 secretion from normal 
cell culture and mice and also induces plasma 
membrane translocation of GRP78 in cancer 
cells, we tested whether tumors grown from 
ALK-negative cells in mice are responsive to 
CZT. Tumors grown from the human lung cancer 
cells in the flanks of immunodeficient NSG mice 
were tested for their response to CZT or vehi-
cle. As seen in Figure 4D, CZT induced Par-4 
secretion in the plasma of the mice and CZT 
remarkably inhibited the growth of the tumors. 
To ascertain that the tumor growth inhibitory 
effect of CZT is Par-4-dependent, immunocom-
petent C57BL/6 Par-4+/+ or Par-4-/- mice were 
implanted with syngeneic mouse tumor KP7B 
cells. When the tumors grew to 30 mm3, the 
mice were administered CZT or vehicle. As seen 
in Figure 4E, CZT inhibited the growth of tumors 
in Par-4+/+ mice but not in Par-4-/- mice. As 
expected, Par-4 was secreted in the plasma of 
Par-4+/+ mice but not Par-4-/- mice (Figure 4E). 
Collectively, these findings indicate that CZT 
inhibits the growth of tumors in a Par-4-
dependent manner.

Discussion

Previous studies identified several small-mole-
cule secretagogues of Par-4 that induce Par-4 
secretion mainly from normal cells [30, 35, 
44-46]. Although secreted Par-4 induces para-
crine apoptosis of cancer cells and inhibits lung 
metastasis, none of the previously identified 
secretagogues inhibited the growth of tumor 
xenografts in the flanks of mice [44]. Resistance 
to secreted Par-4 was attributed to the lack of 
adequate expression of the Par-4 receptor 
csGRP78 in tumors [35]. The present study led 
to the discovery that the FDA-approved drug, 
CZT is a new secretagogue of Par-4 that induc-
es Par-4 secretion in normal cells but not in 

cancer cells. Importantly, CZT induced the cell 
surface expression of GRP78 in cancer cells 
(and not in normal cells) overcoming the limita-
tions seen with earlier Par-4 secretagogues. 
These opposing effects in normal and cancer 
cells result in activation of the paracrine Par-4-
csGRP78 axis for the desired selective inhibi-
tion of tumor cell growth without affecting the 
growth of normal cells (Figure 5). These find-
ings were validated in cell culture using the CM 
from CZT-treated normal cells to induce apop-
tosis in CZT-treated cancer cells. Validation was 
corroborated as tumors grown in the flanks of 
mice produced CZT-induced systemic expres-
sion of Par-4 and inhibited the growth of lung 
tumor cell xenografts. CZT inhibited tumor 
growth in Par-4+/+ mice but not in Par-4-null 
mice, implying a Par-4-dependent mechanism 
of CZT action. Moreover, in cancer cell cultures, 
CZT itself did not inhibit the growth of the can-
cer cells, but CM from CZT-treated Par-4+/+ 
MEFs (but not Par-4-/- MEFs) induced growth 
inhibition in the cancer cells. The growth inhibi-
tory action of the CM was neutralized by the 
Par-4 and GRP78 antibodies, as well as by the 
siRNA knockdown of GRP78 in the cancer cells. 
These findings implied that Par-4 was the effec-
tor moiety in the CM that induced apoptosis via 
its receptor csGRP78 on cancer cells. CZT is a 
known inhibitor of activated ALK/MET/ROS1, 
and our studies indicate that it can activate the 
secreted Par-4-csGRP78 paracrine pathway to 
inhibit the growth of ALK-negative lung cancer 
cells that express oncogenic KRAS or EGFR or 
lack p53 function. As KRAS and EGFR muta-
tions together account for about 60% of the 
ALK-negative NSCLCs in patients, our findings 
extend the potential target range of CZT to a 
majority of lung tumors.

CZT is a first generation ALK-inhibitor for ALK-
positive NSCLCs [23]. Although the ALK-positive 
tumors initially respond well to the treatment, 
the tumors eventually develop resistance to 
this drug [24]. Acquired resistance to CZT may 
result from amplification of the ELM4-ALK gene 
fusion, secondary mutations in the kinase 

cancer growth by CZT in mice is Par-4-dependent. C57BL/6 mice that were either Par-4+/+ (wild type) or Par-4-/- were 
injected s.c. with KP7B cells, and the tumors were examined for response to CZT or vehicle. (D, E) Tumor volumes 
were determined at the indicated time intervals. Mean + SD is shown. **P < 0.01 by ANOVA test for tumor volumes 
at corresponding days in the vehicle control and CZT treatment groups of mice. Plasma samples from the mice 
treated with vehicle (V) or CZT collected at the end of the experiments were subjected to western blot analysis for 
Par-4 or Coomassie blue staining for albumin.
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domain of ALK or activation of alternate bypass 
pathways via the growth factor receptor signal-
ing [24]. As the findings of this study would pre-
dict induction of Par-4 secretion from the nor-
mal tissue cells in the patients with ALK-positive 
tumors treated with CZT, the above mecha-
nisms of acquired resistance may render the 
tumors refractory to apoptosis by the secreted-
Par-4 csGRP78 axis. The precise identity of 
those resistance mechanisms in ALK-resistant 
tumors (that were previously ALK-responsive) 
to secreted Par-4 has not been addressed. It is 
apparent, however, from the present study that 
the majority of the NSCLCs that are ALK-
negative (i.e., never ALK-responsive) and exhib-
it oncogenic KRAS or EGFR, do not express 
those underlying resistance mechanisms over 
the duration of treatment in cell culture or 
mouse tumor models. It is important to note 
that unlike a few other studies that used high 
pharmacologic concentrations (>10 μM) of CZT 
to report off-target growth inhibitory effects of 
CZT [47, 48], our experiments intentionally 
used 1 μM CZT that represents the physiologi-
cal concentration noted in patients undergoing 
CZT treatment [36]. Although CZT may exert 
direct growth inhibitory effects in lung cancer 
cells with amplified MET [49, 50], our studies 
indicated that the MET inhibitor savolitinib 
failed to induce csGRP78 (Figure 1B) and that 
CZT did not on its own inhibit the viability of the 
lung cancer cells in culture or tumors in Par-4-/- 
mice (Figure 4B and 4E). Together, these obser-

vations indicate that the effect of CZT is Par-4-
dependent and not associated with direct inhi-
bition of MET. A long-term follow-up of the mice 
in remission after their tumors are inhibited by 
CZT will be undertaken in future studies to 
determine whether the tumors regrow after 
withdrawal of CZT and whether combination 
with other treatments would overcome resis-
tance to CZT monotherapy. Moreover, sotora-
sib-resistant KRAS G12C NSCLC cells express-
ing amplified MET are resistant to CZT [51], and 
future studies will also determine whether cer-
tain driver mutations in KRAS or EGFR would 
render lung cancer cells refractory to the growth 
inhibitory action of the Par-4-csGRP78 axis 
activated by CZT.

We noted that CZT activates SRC in cancer 
cells but not in normal cells. Such differential 
activation of SRC results in csGRP78 elevation 
in cancer cells but not normal cells, and pre-
vents Par-4 secretion by cancer cells but not 
normal cells. Importantly, CZT can elevate 
csGRP78 in other diverse cancer cells inclu- 
ding prostate cancer (Burikhanov, unpublished 
results), implying that CZT may find application 
in inducing apoptosis and growth inhibition in 
diverse tumors. The requirement of SRC activa-
tion for CZT to induce csGRP78 elevation is 
consistent with the role of SRC activation in 
triggering a signaling cascade that prevents ret-
rograde trafficking of proteins from the Golgi to 
the ER and promotes GRP78 translocation from 

Figure 5. Model for differential effects of CZT in normal and cancer cells. CZT activates SRC in cancer cells but not 
normal cells by directly interacting with it, and activated SRC is required for translocation of GRP78 from the ER to 
the cancer cell surface. On the other hand, induction of Par-4 secretion in normal cells but not in cancer cells by 
CZT results in paracrine apoptosis and growth inhibition of cancer cells in co-culture studies and mouse xenograft 
models. As CZT does not activate SRC in normal cells, csGRP78 is not elevated and normal cells are resistant to 
apoptosis and growth inhibition by secreted Par-4.
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the Golgi to the cell surface [37, 52]. It is par-
ticularly striking that GRP78 translocation to 
the cell surface but not SRC activation by CZT 
was inhibited by reducing unfolded protein 
response (UPR) and ER-stress with 4PB, an out-
come that implied that activation of ER-stress 
is either co-parallel or occurs downstream of 
SRC activation by CZT and is essential for 
csGRP78 elevation. Interestingly, we noted that 
the N-linked glycosylation inhibitor TU, which 
causes accumulation of unfolded proteins and 
activates ER-stress, can induce csGRP78 but 
not SRC activation, implying that alternate 
pathways are available in cancer cells for 
GRP78 transport to the cell surface.

Several reports have suggested that chemo-
therapy and radiation may directly or indirectly 
cause activation of SRC that confers malignant 
phenotypes and resistance to treatment in can-
cer cells [53-56]. Early-phase clinical trials with 
SRC inhibitors, dasatinib and bosutinib, as 
monotherapies suggested only modest activity 
in breast and prostate cancers, indicating that 
combination therapies may be more effective 
[57] than monotherapies for certain cancers. 
Interestingly, this study suggested that SRC 
activation results in induction of csGRP78, and 
that SRC activation and csGRP78 that are para-
doxically induced by cancer therapeutics can 
be harnessed for inhibition of tumor growth. 
Although we found that CZT binds to SRC in 
cancer cells, it is possible that CZT may have 
other unidentified targets in cancer and normal 
cells. As csGRP78 is targetable by various 
approaches using killer proteins, antibodies, 
and CAR-T cells [5-11, 27, 58-60], selective 
upregulation of csGRP78 in cancer cells but not 
normal cells by repurposing CZT could be 
exploited to overcome resistance in tumors.

Like other Par-4 secretagogues, CZT induced 
Par-4 secretion via the classical ER-Golgi path-
way (Figure S4B) that was dependent on wild 
type p53 function (Figure 4A). It was, however, 
interesting to find that CZT was unique in pro-
moting Par-4 secretion relative to the second or 
third generation ALK/MET/ROS1 inhibitors, the 
MET-inhibitor savolitinib, the survivin inhibitor 
YM-155, the EGFR-inhibitor afatinib, and the 
Arora kinase inhibitor alicertib, all of which 
failed to induce Par-4 secretion (Figure 3B). 
Future studies will define the precise differenc-
es in the mechanism of action of these other 

inhibitors that, similar to CZT, promoted 
csGRP78 elevation in cancer cells but, unlike 
CZT, failed to induce Par-4 secretion in normal 
cells.

In summary, we identified CZT as a selective 
small-molecule that induced Par-4 secretion 
from normal cells and csGRP78 translocation 
in cancer cells, which renders the cancer cells 
vulnerable to paracrine apoptosis and growth 
inhibition by Par-4. This effect was validated in 
mice in which normal cells secreted Par-4 and 
caused inhibition of tumor growth in a Par-4-
dependent manner. Normal cells did not show 
induction of csGRP78 under the influence of 
CZT and were resistant to the action of the 
drug. 

Conclusion

Our study extended the target range of CZT to 
NSCLC that are ALK-negative and express 
oncogenic KRAS or EGFR, as seen in a majority 
of lung cancer patients. Mechanistically, CZT 
activated SRC selectively in cancer cells but not 
normal cells and this activation facilitated 
csGRP78 translocation in cancer cells and 
Par-4 secretion from normal cells, a combina-
tion of effects that proved lethal to NSCLC can-
cer cells. This previously unrecognized, bifunc-
tional attribute of CZT could provide a means to 
elevate csGRP78 and target it in a broad range 
of lung tumors that afflict a large number of 
patients.
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Figure S1. Validation of CZT, the top-ranking candidate drug in this screen. A. CZT at 10 μM concentrations inhibits 
ALK-negative lung cancer cells. A549, A549TR, and KP7B cells were treated with vehicle or CZT (10 μM) for 48 h 
and cell viability was determined by resazurin assays. Mean + SD is shown. *P < 0.001 by Student’s t test. B. CZT 
at 10 μM but not 1 μM concentration induces Par-4 secretion in ALK-negative lung cancer cells. A549 cells were 
treated with vehicle (V) or CZT (1 or 10 μM) for 48 h, and the CM was examined for Par-4 secretion by Western blot 
analysis. C. CZT at 10 μM as well as 1 μM concentrations induces csGRP78 expression in ALK-negative lung cancer 
cells. A549 cells were treated with vehicle (V), CZT (1 or 10 μM), or autophagy-inducer rapamycin (Rapa, 0.5 μM), 
and csGRP78 expression was determined. Percentage of csGRP78-positive cells was calculated and Mean + SD 
values are shown. *P < 0.001 by Student’s t test. D. CZT at 0.5 μM concentrations induces csGRP78 expression 
in ALK-negative lung cancer cells. H1650 cells were treated with vehicle or CZT (0.5 μM) and csGRP78 expression 
was determined. Right Panels present an example of the Flow Cytometry images from one of the three replicates. 
Each treatment was performed in triplicate to arrive at the Mean of csGRP78-positive cells + SD shown in the Left 
Panel. *P < 0.001 by Student’s t test. E. CZT at 1 μM concentration sensitizes lung cancer cells to apoptosis by 
recombinant Par-4. Various lung cancer cells were treated with vehicle, recombinant Par-4 (100 nM), CZT (1 μM), 
and a combination of CZT (1 μM) and Par-4 (100 nM) for 24 h, and subjected to ICC analysis for active caspase-3. 
Apoptotic cells were scored by confocal microscopy. Mean + SD shown. *P < 0.01 by ANOVA test. F. Tunicamycin (TU) 
induces csGRP78 in cancer cells. Lung cancer cells were treated with the indicated concentrations of TU or vehicle 
(V). Unfixed cells were analyzed for csGRP78 expression. Percentage of csGRP78-positive cells was calculated and 
Mean + SD values are shown. *P < 0.001 by Student’s t test. G. CZT and other ALK-inhibitors, but not TU, activate 
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Figure S2. CZT induces SRC phosphorylation and cell surface GRP78 in an ER-stress-dependent manner. A. CZT 
induces cell surface GRP78 in an ER-stress-dependent manner. Lung cancer cells were treated with 1 μM CZT or 
vehicle (V) in the presence or absence of 4-phenylbutyrate (4PB, 5 μM) for 24 h. Unfixed cells were analyzed for cell 
surface GRP78 expression. Percentage of csGRP78-positive cells was calculated and Mean + SD values are shown. 
*P < 0.001 by Student’s t test. B. CZT induces SRC activation by ER-stress-independent mechanism. Lung cancer 
cells were treated with 0.5 μM CZT or vehicle (V) in the presence or absence of 4PB (5 μM) for 24 h, and cell lysates 
were subjected to Western blot analysis.

SRC. A549 cells were treated with 0.5 μM amounts of various indicated drugs or vehicle for 24 h. The whole-cell 
lysates were subjected to Western blot analysis for pSRC, total SRC, or GAPDH, and fold increase in phosphorylation 
of Y419-SRC (pSRC) or SRC relative to vehicle is indicated. H. CZT and other ALK-inhibitors induce csGRP78 expres-
sion in ALK-negative lung cancer cells. A549 cells were treated with vehicle (V), or various concentrations of CZT, 
alectinib, or brigatinib for 24 h, and csGRP78 expression was determined in unfixed cells. Percentage of csGRP78-
positive cells was calculated and Mean + SD values are shown. *P < 0.001 by Student’s t test.
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Figure S3. Biotinylated-CZT induces transport of GRP78 to the cell surface. A. Structure of biotinylated-CZT. The 
chemical structure of CZT and the biotinylated analog that was used for csGRP78 analysis and pull-down experi-
ment is shown. B. Biotinylated-CZT induces csGRP78. A549 cells were treated with 1 μM biotinylated-CZT or vehicle 
(V) for 24 h. Unfixed cells were analyzed for cell surface GRP78 expression. Percentage of csGRP78-positive cells 
was calculated and Mean + SD values are shown. *P < 0.001 by Student’s t test.

Figure S4. CZT inducible Par-4 secretion is inhibited by SRC or BFA. A. Activated SRC prevents induction of Par-4 se-
cretion by CZT. H1650, H1975, KP7B and LNCaP cells were treated with CZT (1 μM), SU6656 (5 μM), vehicle or CZT 
(1 μM) plus SU6656 (5 μM) for 24 h, and the CM was examined for Par-4 secretion by western blot analysis. The lev-
els of albumin in the CM corresponding to each sample were determined by staining the gels with Coomassie blue 
and used to normalize the Par-4 levels in the CM. Fold induction of Par-4 was then calculated. B. CZT induces Par-4 
secretion in normal/immortalized cells by BFA-sensitive pathway. HEL or BEAS-B2 cells were treated with vehicle or 
CZT (500 nM) for 18 h, and then treated with BFA (1 mM) for 3 h. Aliquots of the CM from the cells were subjected 
to western blot analysis for Par-4. The corresponding gels were stained with Coomassie blue, and Par-4 bands were 
normalized relative to albumin. Fold change in Par-4 in response to the drugs relative to vehicle is shown.
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Figure S5. CZT induced Par-4 secretion from adult lung fibroblast (ALF) and recombinant Par-4 inhibits viability in 
CZT-treated lung cancer cells by a GRP78-dependent mechanism. A. Par-4 secreted by CZT from adult lung fibro-
blast (ALF) cells in the CM inhibits lung cancer cell viability. (Left Panel) ALF cells were treated with CZT (1 μM) or 
vehicle (V) for 24 h, and the CM was examined for Par-4 secretion by western blot analysis. (Right Panels) Lung 
cancer cells H1650 and H1975 were pretreated with CZT or vehicle (V) for 24 h and then after three washes, the 
cells were treated with the CM from ALF cells that were treated with CZT or vehicle. After 24 h, the cells were sub-
jected to resazurin assays. Mean + SD values are shown. *P < 0.001 by Student’s t test. B. GRP78 expression in 
response to CZT is essential for growth inhibition by Par-4. (Left Panels) Lung cancer cells H1650 and H1975 were 
treated with two different GRP78 siRNAs or control siRNA for 24 h, and the cells were examined for knockdown of 
GRP78 expression by western blot analysis. (Right Panels) After knockdown of GRP78 in the H1650 and H1975 
lung cancer cells, the cells were treated with CZT or vehicle for 24 h in the presence or absence of recombinant 
Par-4 (His-Par-4, 100 nM). After 24 h, the cells were subjected to resazurin assays. Mean + SD values are shown. 
*P < 0.001 by Student’s t test.
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Figure S6. CZT induced Par-4 secretion in the CM of normal cells causes apoptosis in CZT-treated lung cancer 
cells by a Par-4- and GRP78-dependent mechanism. A. Par-4 secreted in CM of Par-4+/+ MEFs but not Par-4-/- MEFs 
treated with CZT induces apoptosis of lung cancer cells. Par-4+/+ or Par-4-/- MEFs were treated with vehicle (V) or CZT 
(500 nM) for 24 h. The CM was directly transferred to the indicated lung cancer cells pretreated with CZT (Left Pan-
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els), or the CM was preincubated with Par-4 antibody, GRP78 antibody or IgG control antibody before adding it to the 
lung cancer cells (Right Panel). After 24 h, the lung cancer cells were subjected to ICC analysis for active caspase-3. 
Apoptotic cells were scored by confocal microscopy. Mean + SD shown. *P < 0.01 by Student’s t test. Expression of 
Par-4 in the CM of the Par-4+/+ or Par-4-/- MEFs was examined by western blot analysis as described in Figure 4A. B. 
CZT inhibits lung cancer cells cocultured with normal/immortalized lung fibroblast cells. Human lung cancer cells 
A549 were co-cultured with human normal lung fibroblast cells HEL, or grown separately, and treated with CZT (1 
μM) or vehicle (V) for 48 h. The cells were then subjected to ICC analysis with the pan-cytokeratin antibody (red fluo-
rescence) to detect A549 epithelial cells, active-caspase 3 antibody (green fluorescence) to detect apoptotic cells 
and DAPI (blue) to stain the nucleus. The cells were imaged (Left Panels), and active caspase 3-positive cells and 
pan-cytokeratin-positive cells were scored. White asterisks indicate apoptotic cells. Percent apoptotic cells (active 
caspase 3-positive cells) are expressed relative to the total number of pan-cytokeratin-positive cells (Right Panel). 
Mean + SD values are shown. *P < 0.001 by Student’s t test. C. Par-4 secreted in CM of HEL cells treated with CZT 
induces apoptosis of lung cancer cells. (Top Two Panels) HEL cells were treated with vehicle (V) or CZT (500 nM) 
for 24 h. The CM from HEL cells was incubated with control IgG antibody (Ab), Par-4 Ab, or GRP78 Ab and added 
to the indicated lung cancer cells. After 24 h, the cancer cells were subjected to ICC analysis for active caspase-3. 
Apoptotic cells were scored by confocal microscopy. Mean + SD shown. *P < 0.01 by Student’s t test. (Bottom Panel) 
Expression of Par-4 in the CM was examined by Western blot analysis. D. CZT inhibits organoid growth. To determine 
whether CZT inhibits the growth of lung cancer organoids, we prepared organoids from the bronchiolar mutant-EGFR 
(L858R; T790M) lung bronchiolar tumor cells (2,000 cells) obtained from lung tumors that do not express activated 
ALK, MET, or ROS1 in genetically engineered mice in the presence of mouse endothelial cells (MECs) (100,000 
cells), and treated them with CZT (500 nM) or vehicle (V) at day 7 of culture. EGFR-T790M:L858R mutant murine 
lung cancer organoids were developed and propagated as previously described [Chen F, Liu J, Flight RM, Naughton 
KJ, Lukyanchuk A, Edgin AR, Song X, Zhang H, Wong KK, Moseley HNB, Wang C, and Brainson CF. Cellular origins of 
EGFR-driven lung cancer cells determine sensitivity to therapy. Advanced Science 2021; 8(22):2101999]. Growth of 
the organoids was analyzed 7 days after the treatments. Organoid growth was imaged (Left Panel) and quantified 
(Right Panel). n=3 wells per treatment. Scale bars are 2000 μm (Top Panels) and 300 μm (Bottom Panels). Mean + 
SD values are shown. **P = 0.002 by Student’s t test.
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Table S1. Lung cancer and normal/immortalized lung cell lines in this study
Cell Line Description Driver Mutation/Tumor Suppressor Loss Source/Ref 
Human lung cancer cells 
    A549 NSCLC K-Ras (G12S), CDKNA2del, LKB1del ATCC 
    A549TR Taxane resistant derivative of A549 cells [1]
    H460 NSCLC K-Ras (Q61H), PI3KCA(E545K), CDKNA2del ATCC 
    H1975 NSCLC EGFR (L858R,T790M), PI3KCA (G118D), p53 mutant ATCC 
    H2030 NSCLC K-Ras (G12C), p53 mutant ATCC 
    H1650 NSCLC EGFR (E746X), p53del, CDKN2Adel ATCC 
    H1299 NSCLC N-Ras (Q61K), p53del ATCC 
    H2009 NSCLC K-Ras (G12A), p53 mutant ATCC 
Normal/Immortalized human lung cells 
    BEAS-2B lung epithelial cells ATCC 
    HEL lung epithelial cells ATCC 
Mouse tumor cells 
    KP7B NSCLC K-Ras (G12D), p53del [1] 
    LLC1 NSCLC K-Ras (G12S) ATCC 
Normal mouse cells 
    C57BL/6 Par-4+/+ MEFs Wild type [2]
    C57BL/6 Par-4-/- MEFs Par-4-/- [2]
    C57BL/6 Par-4+/+ ALF Wild type [2]
MEFs, mouse embryonic fibroblasts; ALF, mouse adult lung fibroblasts.
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