
Abstract. Background/Aim: Nelfinavir is a human
immunodeficiency virus protease inhibitor that is currently
being repositioned as an anticancer drug. Chloroquine, an
anti-malarial lysosomotropic drug, inhibits autophagy. It has
been reported that the combination of nelfinavir and
chloroquine significantly enhances endoplasmic reticulum (ER)
stress and induces selective cell death in multiple cell line
models (in vitro). Materials and Methods: We assessed the
effects of the combination of these drugs on human NSCLC cell
lines in vitro using cell proliferation assay and performed
preclinical treatment studies using cell line-derived xenograft
mouse models in vivo. Results: In vitro, this combination
enhanced inhibition of NSCLC cell proliferation with increased
proteotoxicity, including ER stress, and apoptosis. In vivo, the
growth of human NSCLC xenograft tumors was inhibited,
which correlated with increased apoptosis and induction of ER
stress as well as NSCLC growth in vitro. Conclusion: Our
findings suggest that the induction of proteotoxicity provides a
promising new target for developing anticancer drugs.

Nelfinavir is a human immunodeficiency virus protease
inhibitor that is currently being repositioned as an anticancer
drug, in a process that is referred to as ‘drug repurposing’

(1). Our group showed that nelfinavir induces endoplasmic
reticulum (ER) stress due to proteotoxicity and apoptosis,
and inhibits the proliferation of many types of cancer cells,
including non-small cell lung cancer (NSCLC) cells (2).
Additionally, we reported that combining nelfinavir with
bortezomib, a proteasome inhibitor, enhances proteotoxicity
in NSCLC and multiple myeloma (MM) cells in vitro and
in vivo (3). 

Chloroquine, an anti-malarial lysosomotropic drug,
inhibits autophagy by increasing lysosomal pH and
preventing autophagosome-lysosome fusion (4). Chloroquine
also represents a prominent case of drug repurposing for
cancer therapy against glioblastoma, MM, breast cancer,
pancreatic cancer, etc. (5). Johnson et al. reported that the
combination of nelfinavir and chloroquine significantly
increases ER stress and induces selective cell death in
multiple cell line models (in vitro) with hyperactive
mammalian/mechanistic target of rapamycin complex 1,
including human NSCLC H460 cells, in an autophagy-
independent manner (6). This finding led us to hypothesize
that combining nelfinavir with chloroquine might inhibit
NSCLC tumor growth in vivo. To test our hypothesis, we
assessed the effects of their combination on human NSCLC
cell lines in vitro and on cell line-derived xenograft mouse
models. Our data demonstrate the proteotoxic effects of
combining nelfinavir with chloroquine in vitro and in vivo. 

Materials and Methods

Cell culture. H157 and A549 NSCLC cell lines were obtained from
the National Cancer Institute (NCI)/Navy Medical Oncology
(Bethesda, MD, USA) and the American Type Culture Collection
(Manassas, VA, USA), respectively, and maintained as described
previously (2). 

Reagents. Nelfinavir was obtained from the National Institutes of
Health (NIH) AIDS reagent repository (Bethesda, MD, USA) and
Pfizer Inc. (New York, NY, USA). Chloroquine was purchased from
MP Biomedicals, Inc. (Solon, OH, USA). Primary antibodies for
ubiquitin, cleaved/total poly ADP-ribose polymerase (PARP), and
phospho (p)- eukaryotic initiation factor 2α (eIF2α) (Ser51) were
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purchased from Cell Signaling Technology (Beverly, MA, USA).
Activating transcription factor 3 (ATF3) (C-19) antibody was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Antibody to microtubule-associated protein 1A/1B-light chain 3
(LC-3) (2G6) was purchased from NanoTools (Teningen, Germany).
Antibodies against actin and tubulin were purchased from
Calbiochem (EMD Chemicals Inc. Gibbstown, NJ, USA) and Sigma
(St. Louis, MO, USA), respectively.

Cell proliferation assay. H157 and A549 cells (2,500 cells per well)
were plated in 96-well plates and treated with the following drug
alone or in simultaneous combination for 48 h at the increasing
concentrations either between 0.625 μM and 10 μM for nelfinavir
dissolved in dimethyl sulfoxide (DMSO) or between 5 μM and 80
μM for chloroquine dissolved in phosphate-buffered saline. Growth
inhibition was determined as described previously (7). Experiments
were performed three times, and each drug concentration was
evaluated in sextuplet wells for a given experiment.

Immunoblotting analysis. Cells (5×105 cells per well) were plated in 6-
well plates and treated with either DMSO, 10 μM nelfinavir, 80 μM
chloroquine, or their combination for 0.5, 8, 24, or 48 h in time-
dependent manner and lysed in 2× lysis buffers as described previously
(7). For tumor-tissue homogenates in vivo, frozen tumors were prepared
as also described previously (7). Cell lysates or tumor-tissue
homogenates with equal amounts of protein were separated using
sodium dodecyl sulphate-polyacrylamide gel electrophoresis and then
transferred to nitrocellulose membranes. Immunoblotting analyses were
performed as described previously (7) and repeated at least three times.
Immunoblot experiments were performed at least three times.

Drug treatment in vivo. Cells (5×106 H157 or H549) in 100 μl
phosphate-buffered saline were subcutaneously injected into both rear
flanks of 6-week-old female athymic NCr-nu/nu mice (Charles River
Labs, Frederick, MD, USA). When the transplanted tumors reached
a volume of 50 mm3, the mice were divided into the following four
groups (5 mice per group): (i) Vehicle (4% DMSO, 5% polyethylene
glycol, 5% Tween 80 in saline); (ii) 50 mg/kg nelfinavir; (iii) 50
mg/kg chloroquine; or (iv) the combination of nelfinavir and
chloroquine for intraperitoneal injection once daily. Animal weights
and tumor sizes were measured every other day. In all studies, tumor
volume was calculated using the formula v=(ab2)/2, where a and b
are the long axis and the short axis, respectively. Immunoblotting
analysis was performed for markers of apoptosis and ER stress.
Densitometry was performed using ImageJ version 1.52 software (8).
To obtain the levels of each marker, normalization to tubulin for each
sample was performed. In vivo experiments were performed using a
protocol approved by the NCI Animal Care and Use Committee
(Animal Study Proposal Number: CTB-008).

Statistics. Statistical significance was analyzed using one-way
ANOVA, and multiple comparisons were then performed using
Dunn's test. All analyses were performed using GraphPad Prism
software version 9 (GraphPad Software, Inc. San Diego, CA, USA).
Statistical significance was set at p<0.05.

Results
Combining nelfinavir with chloroquine enhances NSCLC
growth inhibition and proteotoxicity. To assess their effects

on cellular proliferation, nelfinavir and chloroquine were
tested. The combination of nelfinavir and chloroquine
reduced proliferation more than either drug alone in both
H157 and A549 cells (Figure 1A). To investigate the
mechanism of growth inhibition, PARP cleavage was
assessed by immunoblotting analysis (Figure 1B). The
combination induced greater PARP cleavage than either drug
alone, suggesting apoptotic cell death.

Moreover, to assess whether the combination enhanced
proteotoxicity, we evaluated ubiquitinated proteins. Our
findings showed that the combination enhanced the level of
ubiquitin more than either drug alone, and the results
represent proteotoxicity in the cytosol (Figure 1B).
Additionally, the expression of ATF3, an ER stress marker,
also increased more with the combination than with either
drug alone, and this was evident by 24 h. LC-3 II expression,
a marker for autophagosomes, was not enhanced in the
combination treatment compared with chloroquine alone.
This finding suggests that nelfinavir and chloroquine do not
affect autophagy in these NSCLC cells. Taken together, these
data show that combining nelfinavir with chloroquine
enhances proteotoxicity in a time-dependent manner in two
different cell lines.

Combining nelfinavir with chloroquine inhibits NSCLC
tumor growth in vivo. To determine whether the combination
of nelfinavir and chloroquine enhanced the antitumor effects
of either drug alone, we treated athymic NCr-nu/nu mice
bearing H157 or A549 xenograft tumors with 50 mg/kg
nelfinavir, 50 mg/kg chloroquine, or their combination. The
combination of nelfinavir and chloroquine was well-tolerated
and reduced tumor growth of H157 by nearly 75% (Figure
2A, upper panel) and of A549 by nearly 85% (Figure 2A,
lower panel, and 2B) compared with the mice treated with
vehicle. To evaluate the correlation between the antitumor
effects and the mechanisms identified in vitro, markers of
apoptosis and ER stress were evaluated in the tumors. The
combination significantly increased the expression of cleaved
PARP compared with the control in H157 xenograft tumors
(Figure 2C). Because ATF3 did not increase in the group
treated with the combination, we evaluated p-eIF2α, another
ER stress marker. The combination significantly increased
the expression of p-eIF2α compared with that in the control.
Taken together, these findings suggest that the combination
inhibits tumor growth of NSCLC and enhances apoptosis
induced by ER stress in vivo.

Discussion

Our data show that combining nelfinavir with chloroquine
enhances proteotoxicity and inhibits in vivo growth of human
NSCLC xenograft tumors as well as in vitro growth of
NSCLC cells, which supports our hypothesis. Previously, we
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reported that combining nelfinavir with bortezomib enhances
the disruption of protein homeostatic balance as a proteotoxic
effect in NSCLC and MM cells in vitro and in vivo (3),
suggesting the importance of proteotoxicity as a new target for
developing anticancer drugs. In this study, we reconfirmed that
nelfinavir can enhance proteotoxic effects when combined
with drugs that induce proteotoxicity, such as chloroquine.
These findings support our previous phase I clinical trial of

nelfinavir as an anticancer agent for advanced solid tumors,
including NSCLC (9). Taken together, the combination of
nelfinavir and chloroquine may be an effective clinical
strategy to maximize patient response to nelfinavir.

To our knowledge, this is the first study to describe in vivo
growth inhibition of human NSCLC xenograft tumors by
combining nelfinavir with chloroquine. Johnson et al.
reported the efficacy of this combination in the H460 cell
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Figure 1. Combining nelfinavir (NFV) with chloroquine (CQ) enhances inhibition of non-small cell lung cancer (NSCLC) proliferation and
proteotoxicity. A: Growth inhibition by nelfinavir (■), chloroquine (▲), and their combination (●). H157 and A549 cells were treated with drugs
at the indicated concentrations for 48 h. Data are the mean±SD. B: Enhancement of proteotoxicity. H157 and A549 NSCLC cells were treated with
either dimethyl sulfoxide (DMSO), 10 μM nelfinavir, 80 μM chloroquine, or their combination for the indicated times. Immunoblotting analysis was
performed for markers of proteotoxicity, endoplasmic reticulum stress, apoptosis, and autophagy.
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Figure 2. Combining nelfinavir (NFV) with chloroquine (CQ) inhibits tumor growth of non-small cell lung cancer (NSCLC) in vivo. A: Tumor growth
of H157 (upper panel) and A549 (lower panel) NSCLC cells as xenografts in athymic NCr-nu/nu. Data are the mean±SD. B: Representative
photographs of two different mice bearing A549 xenograft tumors from each group after treatment for 13 days. Circles indicate tumors. C: Apoptosis
and endoplasmic reticulum stress markers in vivo. The indicated markers were evaluated in the tumors using immunoblotting analysis as described
in the Materials and Methods. V: Vehicle, N+C: nelfinavir + chloroquine. Data are the mean±SD of five mice. Significantly different at *p<0.05
and **p<0.01 compared with vehicle treatment.



line in an in vitro study (6). In this study, we utilized two
other NSCLC cell lines: H157 cells with KRAS (Q12R) and
phosphatase and tensin homolog (PTEN, G251C) mutations
(7), and A549 cells with a KRAS (Q12S) mutation (10). We
also expanded our in vitro findings to an in vivo study. Our
data show that combining nelfinavir with chloroquine
enhances growth inhibition of H157 and A549 cells in vitro
and in vivo, supporting the findings of Johnson et al. (6). 

Autophagy plays a compensatory role in drug-induced
proteotoxicity by activating autophagic degradation of
misfolded proteins that results in harmful cellular effects (11).
Chloroquine inhibits lysosome fusion with autophagosomes,
resulting in faults in late autophagy and increased LC-3 II.
Therefore, we expected that in combining nelfinavir with
chloroquine, autophagy would be inhibited and result in
enhanced proteotoxicity, compared with treatment with either
drug alone. However, LC-3 II expression following combination
treatment was similar to that following chloroquine
administration alone (Figure 1B). This finding suggests that the
proteotoxic mechanisms that result from combining nelfinavir
with chloroquine might proceed in an autophagy-independent
manner, as described by Johnson et al. (6).

In conclusion, we demonstrated that combining nelfinavir
with chloroquine enhances inhibition of NSCLC growth and
proteotoxicity in vitro and in vivo. Our findings suggest that
the induction of proteotoxicity provides a promising new
target for cancer therapy. 
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