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ABSTRACT
Non-small cell lung cancer (NSCLC) remains recalcitrant to effective treatment due to tumor relapse and
acquired resistance. Cancer stem cells (CSCs) are believed to be one mechanism for relapse and
resistance and are consequently considered promising drug targets. We report that chetomin, an active
component of Chaetomium globosum, blocks heat shock protein 90/hypoxia-inducible factor 1 alpha
(Hsp90/HIF1α) pathway activity. Chetomin also attenuated sphere-forming, a stem cell-like characteristic,
of NSCLC CSCs (at ~ nM range) and the proliferation of non-CSCs NSCLC cultures and chemoresistant
sublines (at ~ μM range). At these concentrations, chetomin exerted a marginal influence on noncan-
cerous cells originating from several organs. Chetomin markedly decreased in vivo tumor formation in
a spontaneous KrasLA1 lung cancer model, flank xenograft models, and a tumor propagation flank
implanted model at doses that did not produce an observable toxicity to the animals. Chetomin blocked
Hsp90/HIF1α pathway activity via inhibiting the Hsp90-HIF1α binding interaction without affecting
Hsp90 or Hsp70 protein levels. This study advocates chetomin as a Hsp90/HIF1α pathway inhibitor
and a potent, nontoxic NSCLC CSC-targeting molecule.
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Introduction

Non-small cell lung cancer (NSCLC) is the most prevalent
type of lung cancer and is among the most prominent causes
of mortality in cancer patients globally1. Great advances have
been made in the treatment of NSCLC, particularly with
a recent shift from chemotherapy to more targeted treat-
ments, such as tyrosine kinase inhibitors (TKIs)2 and
immunotherapy.3 Even with these improved options, survival
among patients with NSCLC continues to be dismal.4 Further
complicating treatment is cancer progression, particularly for
patients that develop tumors with acquired resistance.5

Consequently, research has been directed toward approaches
that prevent acquired therapy resistance or cancer relapse.

Cancer stem cells (CSCs) have been suggested as one
reason that tumors recur, as they maintain the ability to self-
renew and differentiate.6 CSCs have been discovered in
numerous cancers, including NSCLC.7 CSCs are believed to
be chemoresistant; following treatment, persisting CSCs can
continue to divide, giving rise to tumor recurrence and meta-
static progression.7 CSC-targeting therapies are therefore
regarded as a possible avenue to prevent tumor recurrence.

Hsp90 (heat shock protein 90) is a chaperone protein that
helps tumor cells endure and acquire chemoresistance by
helping various oncogenic proteins to fold and mature.8,9

Hsp90 is frequently overexpressed in human tumors and is

associated with a shorter survival in NSCLC patients.10,11

Hsp90 may also be a promising candidate for targeting
CSCs as well as non-CSCs, since CSCs need to endure and
preserve their stem cell-like capacity under strenuous envir-
onments, including hypoxia and cytotoxic stress.12 Indeed,
direct Hsp90 inhibitors have demonstrated efficacy in precli-
nical models and have progressed to clinical trial
assessment.13,14 However, direct Hsp90 inhibitors display sev-
eral serious limitations, such as inferior solubility, poorly-
tolerated formulations, and hepatotoxicity.15,16 Therefore,
alternatives to direct Hsp90 inhibition, such as inhibition of
Hsp90’s key downstream effectors or Hsp90’s key interaction
with its downstream effectors, may be a promising strategy to
alleviate the drawbacks apparent in direct Hsp90 inhibition.

Herein, we report that chetomin, purified from
Chaetomium globosum,17 functions as an effective agent
against NSCLC CSCs and non-CSCs via inhibiting binding
between Hsp90 and its key downstream effector hypoxia-
inducible factor 1 alpha (HIF1α) without significantly affect-
ing Hsp90 or Hsp70 expression. In vitro, chetomin inhibited
sphere-forming by NSCLC CSCs within a nanomolar range,
and proliferation of susceptible and chemoresistant NSCLC
non-CSCs within a micromolar range. In vivo, chetomin
markedly decreased tumor formation in several murine mod-
els of NSCLC. At these concentrations and doses, chetomin
produced only marginal toxicity to non-cancerous cells and
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no observable toxicity to animals, demonstrating a promising
safety profile. This study advocates chetomin as an inhibitor
of NSCLC CSC sphere formation and non-CSC proliferation.

Materials and methods

Ethics statement

All protocols in this study were reviewed and authorized by
the Ethics Review Committee at First Affiliated Hospital,
Bengbu Medical College. All animals were housed and cared
for according to the guidelines outlined in the National
Institutes of Health’s (NIH) “Guide for the Care and Use of
Laboratory Animals” (8th edition).

Cell lines, antibodies, and general materials

The NSCLC carcinoma lines and other cell lines are described in
the Supplementary Information. Primary antibodies were pro-
cured from Cell Signaling Technology (Danvers, MA) and are
described in the Supplementary Information. Cell culturing
media and reagents were obtained from Invitrogen (Beijing,
China). Matrigel® was sourced from BD Biosciences. The
PrimeScript 1st strand cDNA Synthesis Kit was sourced from
Takara (Kyoto, Japan). Propidium iodide (PI),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), and additional chemical reagents were obtained from
Sigma-Aldrich (St. Louis, MO), except if stated otherwise.

Quantification of proliferation by MTT assay

5 × 103 cells per well were plated onto 96-well culture plates
and provided 24 hours to adhere. Methanol extract, chetomin,
or vehicle was then added to the cell culture media at specified
concentrations and incubated for three days (37°C, 5% CO2).
At this stage, MTT was added to the culture media to a final
amount of 500 μg/ml and culture plates were returned to the
37°C incubator for 2 to 4 hours. Formazan produced by cells
still living was solubilized in DMSO and the colorimetric
signal quantified at 570 nm. All experimental results are
relative to the control value and expressed as a percent.

Assessment of CSC-like characteristics by sphere-forming
assay

Cells were grown in media to sustain sphere formation in
ultra-low attachment 96-well culture plates (Corning® Costar®,
Corning, NY). The culturing media consisted of DMEM-F12
with B-27™ supplement (Gibco®, Thermo Fisher Scientific),
growth factors (bFGF, EGF), and antibiotics. Spheres were
incubated with chetomin or vehicle at the specified concen-
trations in an incubator (37°C, 5% CO2) for two weeks or till
spheres were larger than 150 µm3.

Quantification of aldehyde dehydrogenase (ALDH)
activity

The subpopulation of H1299 cells with high ALDH activity
(ALDHhigh) was identified using an AldeRed™ ALDH

Detection Assay (Merck Millipore), according to the manufac-
turer’s instructions. Briefly, one million H1299 cells were sus-
pended in AldeRed™ Assay Buffer and a cell-permeable,
fluorescent, nontoxic ALDH substrate, AldeRed™ 588-A, was
added and cells were incubated at 37°C for 40 minutes.
A sample prepared in parallel served as the control and addi-
tionally contained the ALDH inhibitor diethylaminobenzalde-
hyde (DEAB). The readout was performed by flow cytometry;
the control sample (containing DEAB) was used for gating, and
ALDH activity was measured as the fluorescence intensity.

Assessment of colony-forming capacity by an
anchorage-dependent assay

300 cells per well were plated to 6-well culture plates and
chetomin or vehicle with/without caspase-3 inhibitor was
added at the specified concentrations and incubated for two
weeks (37°C, 5% CO2). Fresh culture media was replenished 1
or 2 times per week. At the end of the incubation period,
fixation of colonies was performed with methanol (100%),
followed by staining with crystal violet (0.002% in water),
and by multiple rinse steps using deionized water. Colonies
were visualized and then quantified by ImageJ (NIH,
Bethesda MA).

Assessment of colony-forming capacity by an
anchorage-independent (soft agar) assay

Cells were suspended in sterile agar (1%), resulting in a 0.4%
agar solution, which was added into the wells of a 24-well
culture plate that had been pre-coated with agar (1%). Culture
media with chetomin or vehicle with/without caspase-3 inhi-
bitor at the specified concentrations was overlaid over the
solidified agar and incubated for two weeks (37°C, 5% CO2).
Fresh culture media was replenished 1 or 2 times per week. At
the end of the incubation period, staining of live colonies was
performed by MTT solution, which were then visualized, and
then quantified by ImageJ.

Evaluation of apoptosis by cell-cycle analysis

Cells were cultured with varying levels of chetomin or vehicle
for 24 hours. Both suspended and adherent cells were har-
vested, rinsed with phosphate buffered saline (PBS), and fixa-
tion was performed with methanol (100%). Staining was
achieved with PI supplemented with RNase A (both at
50 μg/ml) for 30 minutes, room temperature (RT). Readout
was performed by flow cytometry on a BD FACSCalibur® (BD
Biosciences); a control sample was used for gating and fluor-
escence intensity was measured. BD CellQuest™ (also BD
Biosciences) was employed to analyze cell-cycle progression.

Quantification of endothelial cell tube formation

Preparation of conditioned media (CM): H1299 cells were
cultured with chetomin or vehicle for 24 hours, followed by
an additional incubation period of 4 hours in a hypoxic (1%O2)
or normoxic (room air, 21% O2) environment. At this point,
the media containing chetomin or vehicle was replaced by new,
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serum-deficient culture media and incubated an additional
24 hours. The resultant CM was collected for subsequent
experiments.

Tube formation assay: The procedure adopted for assessing
tube-forming capacity was executed according to published
reports.18 In brief, HUVECs were plated into the wells of
CellBIND® 96-well culture plates (Corning®) and given time
to adhere. They were then treated with regular media or CM
(normoxic or hypoxic) from chetomin- or vehicle-treated
H1299 cultures. HUVECs were visualized, and alterations in
morphology were scored.

Analysis of NSCLC culture protein and mRNA content

Cell cultures were incubated with specified concentrations of
chetomin or vehicle for 24 hours. For protein analyses, cell
lysates were subjected to Western blotting as described in the
Supplementary Information. For mRNA analyses, a RNA
extraction kit (BioTeke, Beijing, China) was used to purify
total RNA from cells. Reverse transcription PCR (RT-PCR)
was conducted according to published methods19 using pri-
mer pairs outlined in Supplementary Table 3. The amplified
DNA was resolved by agarose gel (1.5%) electrophoresis and
imaged with a Gel Doc™ EZ System (Bio-Rad Laboratories).

Reporter gene assay

The reporter assay of HIF-response element (HRE) activity
was conducted according to published reports18 as described
in the Supplementary Information.

Generation of Hsp90-expressing H1299 cells

H1299 cultures were transiently transfected with either
a plasmid overexpressing Hsp90 or the corresponding empty
plasmid control with jetPRIME® transfection reagent. H1299
cultures were stably transfected with either lentiviruses bear-
ing a short hairpin RNA (shRNA) against Hsp90 (Hsp90-
shRNA) or a scrambled control (scr-shRNA) within
a pLKO.1 vector (Sigma-Aldrich).

Pull-down, immunoprecipitation (IP), and competitive
ATP-binding assays

Pull-down, IP assays, and purification of Hsp90 with chetomin
or vehicle were conducted according to published reports.18

Mouse models

Animals were accommodated in housing that was maintained
at a constant temperature and humidity level under alternat-
ing 12-hour light-dark cycles. They received water and stan-
dard chow ad libitum. The mouse models are fully described
in the Supplementary Information.

Tumor-propagation from dissociated tumor xenografts

Following the 8-week regimen of chetomin or vehicle, mice
were sacrificed, tumors excised, and dissociated using

a Tumor Dissociation Kit (Miltenyi Biotec, Bergisch
Gladbach, Germany). Viable individual cancer tells were
counted with trypan blue and 500 to 50,000 cells were
implanted in NOD/SCID animals by subcutaneous injection
in their right flank. Mice were monitored, and tumor burden
assessed.

Fluorescence immunohistochemistry (IHC)

IHC was performed on lung tumor sections from KrasLA1

transgenic animals and H1299 xenograft sections embedded
in paraffin according to published reports.18 Primary antibo-
dies against cleaved caspase-3 (Cl-Cas3), HIF1α, Oct4, and
CD34 were employed to assess levels of those proteins.

Interaction between Hsp90 and chetomin by fluorescence
titration

Fluorescence titration experiments were conducted in order to
evaluate the interaction between Hsp90 and chetomin, and to
identify the possible binding location(s) of chetomin to
Hsp90, as described in the Supplementary Information.

Statistical tests and analyses

All results are expressed as means ± standard errors of the
mean (SEMs). All data were entered into Microsoft Excel
(Microsoft Corporation, Redmond, WA), and statistical tests
were implemented with GraphPad Prism 6 (La Jolla, CA),
including IC50 determination by non-linear regression analy-
sis and two-tailed Student’s t-test to calculate p-values.
Comparisons were taken to be significant when p < .05.

Results

The C. globosum methanol extract attenuates NSCLC
CSC sphere-forming and non-CSC proliferation

We sought to identify Hsp90 inhibitors due to the prevalence
of elevated Hsp90 protein levels in tumors16,20 and the possi-
bility that Hsp90 may help CSCs endure adverse conditions.12

We conducted a literature screen of natural compounds
known to possess antitumor properties,21–23 centering on
molecules isolated from Chaetomium globosum.17 Natural
products were extracted from C. globosum with methanol
and hexanes,24 and the bioactivities of those isolates were
tested against Hsp90 activity (Supplementary Figure 1A).
Binding between Hsp90 and HIF1α was substantially attenu-
ated in H1299 cultures incubated with the C. globosum metha-
nol extract, but not the hexanes extract (Supplementary
Figure 1B). Furthermore, the methanol extract also lowered
HIF1α protein levels in H1299 cells (Supplementary
Figure 1C).

We also tested the extracts’ ability to inhibit CSC sphere-
forming and non-CSC proliferation by MTT assay in NSCLC
cell lines. The methanol extract markedly decreased proliferation
(Supplementary Figure 1D) and sphere-forming
(Supplementary Figure 1E) in H1299 cultures compared to
the hexanes extract. To verify the results in vivo, we employed
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a transgenic KrasLA1 murine model that develops lung tumors
spontaneously.25 Animals were administered methanol extract or
vehicle daily for two months, and in vivo bioluminescence was
used to monitor tumor formation. Methanol extract substantially
inhibited tumor development, resulting in fewer and smaller
lesions (Supplementary figure 1f and 1g).

Chetomin is an inhibitor of Hsp90/HIF1α activity

Chetomin is found in the methanol extract of C. globosum24

and has been previously demonstrated to inhibit HIF1α bind-
ing to other key protein moieties.26,27 Therefore, its ability to
block Hsp90/HIF1α pathway activity was evaluated in the
NSCLC cell lines H1299 and H460. In the following experi-
ments, micromolar levels of chetomin were used for mono-
layer experiments, while nanomolar levels of chetomin were
employed for spheroid cultures of NSCLC cell lines due to
differences in IC50 levels (Supplementary Tables 1 and 2).

Consistent with previous research on Hsp90 inhibition,28

hypoxic H1299 and H460 monolayers incubated with increas-
ing concentrations of chetomin for 24 hours showed progres-
sively lower expression of several survival-promoting proteins
promoted by Hsp90/HIF1α activity, including insulin-like
growth factor 1 (IGF1 R), epidermal growth factor receptor
(EGFR), Src, mitogen-activated protein kinase kinase 1/2
(MEK1/2), activation of protein kinase B (Akt), and mamma-
lian target of rapamycin (mTOR).9 Consistent with these
findings, the angiogenesis-promoting factors platelet-derived
growth factor (PDGF) and basic fibroblast growth factor
(bFGF), which are both regulated by IGF1R,29 were also
downregulated by chetomin exposure in hypoxic H460 and
H1299 monolayers (Figure 1A). Consistent with the mono-
layer findings, hypoxic H1299 spheres treated with two weeks
of chetomin exposure also showed decreased expression of
IGF1R, EGFR, Src, MEK1/2, and Akt (Figure 1B). Chetomin
exposure for 24 hours in hypoxic H1299 monolayers also
dose-dependently decreased Hsp90-HIF1α binding and
HIF1α protein expression as assessed by a pull-down assay
(Figure 1C). Follow-up experiments in hypoxic H1299 and
H460 monolayers revealed dose-dependent downregulation of
HIF1α’s target vascular endothelial growth factor (VEGF) in
response to 24 hours of chetomin exposure (Figure 1D).
Consistent with previous research,18 hypoxia had a profound
stimulatory effect on HRE activity in hypoxic A549 and
H1299 monolayers transfected with a reporter plasmid
(Figure 1E). Twenty-four hours of chetomin exposure attenu-
ated HRE activity in these cell lines (Figure 1E). Consistent
with previous research,18 hypoxia-derived conditioned media
(CM) had no discernible effect on HUVEC angiogenesis-like
tube formation compared to normoxia-derived CM (Figure
1F). Notably, CM from chetomin-treated NSCLC cultures
induced a lesser extent of angiogenesis-like tube formation
in HUVECs (Figure 1F).

Chetomin exerts its inhibitory action on NSCLC CSCs by
eliciting apoptosis

We had a particular interest in targeting CSCs as a strategy for
overcoming tumor recurrence; therefore, we next tested

whether chetomin could target CSCs, initially testing cheto-
min on adhered monolayer cultures. Chetomin exposure for
24 hours dose-dependently lowered expression of stem cell
biomarkers, SRY (sex determining region Y)-box 2 (Sox2),
homeobox protein Nanog, and octamer-binding transcription
factor 4 (Oct4), in H1299 monolayer cultures (Figure 2A).
Additionally, chetomin pretreatment of monolayered H460
and H1299 cells for 24 hours attenuated their sphere forma-
tion capacity and number of cells per sphere (Figure 2B).

We tested the action of chetomin on spheroid cultures of
NSCLC cell lines, including two lines with paclitaxel-acquired
resistance H460/R and H226B/R, where “R” denotes resis-
tance in comparison to parental lines,30 since chemoresistance
is a key property of CSCs.31 Nanomolar levels of chetomin for
two weeks curbed sphere formation by both susceptible
NSCLC cell lines and paclitaxel-resistant sub-lines (Figure
2C; Supplementary Table 1). Aldehyde dehydrogenases
(ALDH) exhibit high levels of activity in CSCs;32 chetomin
markedly decreased the proportion of cells with elevated
ALDH activity (ALDHhigh) in H1299 cultures (Figure 2D). It
also exerted enhanced cleaved caspase-3 (Cl-Cas3) and poly
(ADP ribose) polymerase (PARP) (Figure 2E) and Hoechst-
stained condensed chromatin (Figure 2F), indicating a greater
fraction of apoptotic H1299 spheres in comparison to vehicle-
treated spheres. Apoptosis was suppressed in H1299 spheres
when Z-DEVD-FMK, a caspase-3 inhibitor, was included with
chetomin, partially rescuing Cl-Cas3 expression (Figure 2G)
and chromatin condensation (Figure 2F, right). The caspase-3
inhibitor also attenuated sphere-forming by H1299 cells
(Figure 2H), underlying the relevance of caspase 3-induced
apoptosis on chetomin’s cytotoxicity.

The in vitro findings were corroborated by in vivo experi-
ments of tumorigenesis by CSCs. H1299 cultures were incu-
bated with chetomin or vehicle, and flow cytometry was used
to isolate the subset of ALDHhigh cells from each condition.
Serial dilutions of chetomin- or vehicle-exposed ALDHhigh

cells subjected to three days of exposure were then subcuta-
neously injected into NOD/SCID animals. Tumorigenesis was
substantially lower in mice injected with chetomin-exposed
ALDHhigh cells (Figure 2I).

Chetomin exerts its inhibitory action on NSCLC non-CSCs
by eliciting apoptosis

The majority of tumor cells are non-CSCs, so eliminating them
constitutes an important aspect of cancer treatment. Therefore,
we next assessed chetomin’s effects on NSCLC non-CSCs.
Activating KRAS and inactivating TP53mutations are frequently
recurring features of NSCLC lung cancer cells33 and CSCs.34,35

Hence, we compared the efficacy of chetomin on immortalized
human bronchial epithelial (hBE) cells against hBE cells with: (i)
a constitutively active KRASG12V mutation (KRASG12V-hBE), (ii)
TP53 deficient via a short interfering RNA (siRNA) (siTP53-
hBE), or (iii) both mutant KRASG12V and TP53 deficient
(KRAS;G12V siTP53-hBE) (Supplementary Figure 2).36

Chetomin exposure for three days did not significantly inhibit
proliferation of hBE cells but did adversely affect the prolifera-
tion of KRASG12V-hBE, siTP53-hBE, and KRAS;G12V siTP53-hBE
cells (Figure 3A; Supplementary Table 2) and of the diverse
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NSCLC cell lines and the two paclitaxel-resistant sublines (H460/
R and H226B/R; Figure 3B; Supplementary Table 2). The IC50

s against the NSCLCs were in the micromolar range, almost
a hundred times less potent than the inhibitory action of cheto-
min on sphere formation, which was in the nanomolar range.
Therefore, while chetomin demonstrates some efficacy against
non-CSCs, it is more potent against CSCs.

The effect of chetomin was also examined on non-
cancerous cell lines originating from diverse tissues. Across
the board, chetomin exposure for three days was only margin-
ally toxic to these non-cancerous cell lines (Figure 3C). When
NSCLC cultures were grown under monolayer conditions,
chetomin exposure for two weeks curbed colony formation
in both anchorage-dependent (Figure 3D) and -independent
(Supplementary Figure 3) assays. Chetomin (24 hours) eli-
cited apoptosis of non-CSCs, arresting cells in the sub-G0/G1
cell-cycle phase (Figure 3e) and enhancing caspase-3 and

PARP cleavage (Figure 3F). When the caspase-3 inhibitor
Z-DEVD-FMK was included with chetomin, caspase-3 clea-
vage (Figure 3G) and colony formation (Figure 3H) were
partially rescued in NSCLC cultures. As for CSCs, the partial
rescue by a caspase-3 inhibitor underlies the relevance of
caspase 3-induced apoptosis on chetomin’s cytotoxicity to
NSCLC non-CSCs.

Chetomin inhibits lung tumorigenesis in NSCLC mouse
models

To corroborate our in vitro findings, we next tested chetomin
in vivo in several mouse models. In the KrasLA1 mouse model
of spontaneous lung tumorigenesis,25 administration of che-
tomin for eight weeks strikingly lowered the number of
lesions compared to vehicle (Figure 4A). Microexamination

Figure 1. Chetomin is an inhibitor of Hsp90/HIF1α pathway activity.
(A-E) Cells were exposed to chetomin under hypoxic conditions to evaluate the chetomin’s effect on Hsp90/HIF1α pathway expression. (A) H460 and H1299
monolayers incubated with increasing concentrations of chetomin (24 h) and (B) H1299 spheres incubated with increasing concentrations of chetomin (2 wk) show
progressively lower expression of Hsp90/HIF1α-induced survival-promoting proteins. (C) H1299 monolayers incubated with increasing concentrations of chetomin (24
h) show decreased Hsp90-HIF1α binding as assessed by a pull-down assay. (D) H1299 and H460 monolayers incubated with increasing concentrations of chetomin
(24 h) show decreased protein (upper panel) and transcript (lower panel) levels of the HIF1α target VEGF. (E) Chetomin (24 h) decreases HRE activity in H460 and
H1299 monolayer cultures. *p < .05, **p < .01 versus Con. (F) Tube formation in HUVECs incubated with: (i) growth medium (-) or (ii) conditioned media derived from
NSCLC cultures incubated with chetomin or vehicle (Con), assessed by morphological alterations; three-branch-points were considered as a single tube. *p < .05,
**p < .01 versus (-), †p < .05, ††p < .01 versus Con. All in vitro experiments: 3 biological replicates × 3 technical replicates. Results presented as means ± SEMs.
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of lung tissue revealed dramatically lower lesion counts, size,
and total burden in chetomin- versus vehicle-administered
groups (Figure 4B). Fluorescence immunohistochemistry
(IHC) of lung sections revealed dysregulation of Cl-Cas3,

HIF1α, CD34, and Oct4 expression in chetomin- versus vehi-
cle-administered groups (Figure 4C, D). Chetomin exposure
did not produce any observable variation in body weight in
KrasLA1 mice (Supplementary Figure 4a).

Figure 2. Chetomin exerts its inhibitory action on NSCLC CSCs by eliciting apoptosis.
(A) H1299 monolayers incubated with increasing concentrations of chetomin (24 h) show progressively lower protein levels of the stemness biomarkers Sox2, Nanog,
and Oct4. (B) (Left panel) Chetomin pretreatment (1 µM for 3 d) of H460 and H1299 monolayers abolishes their sphere-forming capacity; (right panel) Chetomin-
pretreated H1299 cells (1 µM for 3 d) were serially-diluted (10, 100, and 1,000 cells) and assayed for sphere formation. (C, D) Chetomin (2 wk) affects (C) sphere
formation in susceptible and chemoresistant NSCLC cell lines and (D) the subpopulation of ALDHhigh H1299 cells. Samples with the ALDH inhibitor DEAB served as
controls. (E-H) Chetomin (2 wk) elicits caspase-3-mediated apoptosis in H1299 spheres: (E) Western blotting evaluation of cleaved PARP, PARP, procaspase-3, and
cleaved caspase-3; (F) Hoechst staining of H1299 spheres with apoptosis-induced chromatin condensation with/without the caspase-3 inhibitor Z-DEVD-FMK; (G)
Western blotting evaluation of procaspase-3 and cleaved caspase-3 expression with/without Z-DEVD-FMK, and (H) sphere formation with/without Z-DEVD-FMK. (I)
Tumor propagation assay. H1299 cells were exposed to chetomin (1 µM for 3 d) and sorted to isolate the subpopulation of ALDHhigh cells. Serially-diluted ALDHhigh

cells were inoculated into NOD/SCID mice, and tumorigenesis was evaluated in recipient mice (n = 9 mice per cohort). *p < .05, **p < .01 versus Con (0 nM/μM);
†p < .05, ††p < .01 versus second group; ‡p < .05, ‡‡p < .01 versus third group. All in vitro experiments: 3 biological replicates × 3 technical replicates. Results
presented as means ± SEMs.
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The second model we tested chetomin in vivo on was an
H1299 flank xenograft model. When xenografts attained a size
ranging from 50 to 150 mm3, mice were randomized to
chetomin (50 or 100 mg/kg, p.o.) or vehicle for three weeks.
At both doses, chetomin markedly lowered xenograft tumor
size (Figure 4E) and mass (Figure 4F). Fluorescence IHC of
lung sections revealed a higher intensity of Cl-Cas3 (more
apoptosis) and lower intensities of HIF1α and CD34 (less
angiogenesis) in chetomin- versus vehicle-administered
groups (Figure 4G). Chetomin exposure did not produce
any observable variation in body weight in H1299 xenograft
mice (Supplementary Figure 4b).

Due to their ability to self-renew, CSCs can propagate
tumors when inoculated into mice;37 therefore, we also tested
the impact of chetomin on tumor propagation of CSCs. First,
H1299 flank xenografts were established and mice received

chetomin or vehicle as described above. The tumors were
excised, dissociated, and serially-diluted cells were implanted
into recipient NOD/SCID animals. As observed in vitro
(Figure 2E), recipients inoculated with chetomin-exposed
cells exhibited drastically lower tumorigenesis compared to
recipients of vehicle-exposed cells (Figure 4H).

Finally, we comparatively evaluated the effects of chetomin
in vivo on a H460 flank xenograft model versus a H460/R
flank xenograft model in order to test whether chetomin has
a differential effect on chemoresistant H460/R xenografts.
When xenografts attained a size ranging from 50 to
150 mm3, mice were randomized to chetomin (50 or
100 mg/kg, p.o.) or vehicle for three weeks. At both doses,
H460/R xenograft tumor size (Figure 4I) and mass (Figure 4J)
were not significantly different than those of H460 xenografts.
Moreover, fluorescence IHC of lung sections revealed no

Figure 3. Chetomin exerts its inhibitory action on NSCLC non-CSCs by eliciting apoptosis.
(A-C) Impact of chetomin (3 d) on proliferation, as quantified by an MTT assay, on: (A) human bronchial epithelial (hBE) cells with mutant KRAS, TP53 knock-down, or
both, (B) susceptible and chemoresistant NSCLC cell lines, and (C) diverse non-cancerous cell lines. (D) Chetomin (2 wk) impact on colony-forming capacity of
susceptible and chemoresistant NSCLC cell lines cultured under monolayer conditions, as quantified by anchorage-dependent assay. (E) Chetomin (24 h) elicits cell-
cycle arrest in susceptible and chemoresistant NSCLC cell lines. (F, G) Chetomin (24 h) elicits apotosis in NSCLC cell monolayers as quantified by: (F) Western blotting
evaluation of cleaved PARP, PARP, procaspase-3, and cleaved caspase-3 in H1299 and H460 cultures, and (G) Western blotting evaluation of procaspase-3 and cleaved
caspase-3 in H1299 cultures with/without chetomin (10 μM) and the caspase-3 inhibitor Z-DEVD-FMK. (H) Colony-forming capacity of chetomin-incubated H1299 cells
(2 wk) with/without Z-DEVD-FMK as assessed by anchorage-independent and -dependent assays. *p < .05, **p < .01 versus Con (0 nM/μM); †p < .05, ††p < .01
versus second group; ‡p < .05, ‡‡p < .01 versus third group. All in vitro experiments: 3 biological replicates × 3 technical replicates. Results presented as means ±
SEMs.
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significant differences in Cl-Cas3 (apoptosis) or HIF1α and
CD34 (angiogenesis) between chetomin-treated H460/R xeno-
grafts versus chetomin-treated H460 xenografts (Figure 4K).

Chetomin exposure did not produce any observable variation
in body weight in either H460 xenograft mice or H460/R
xenograft mice (Supplementary Figure 4C, D).

Figure 4. Chetomin inhibits lung tumorigenesis in NSCLC mouse models.
(A-D) Chetomin (8 wk) lowers spontaneous lung tumorigenesis in the transgenic KrasLA1 mouse model (n = 9 mice per cohort): (A) Typical micrographs of H&E lung
tissue sections from chetomin- and vehicle-administered groups. (B) Tumor lesion counts, size, and total burden from chetomin- and vehicle-administered groups. (C,
D) Fluorescence IHC analysis of (C) Cl-Cas3, HIF1α, CD34, and (D) Oct4 in lung tissue sections from chetomin- and vehicle-administered groups. (E-G) Chetomin (3 wk)
lowers tumorigenesis in a H1299 flank xenograft mouse model (n = 9 mice per cohort). Chetomin-administered mice exhibit decreased (E) tumor size and (F) tumor
mass (inset displays typical tumor images). (G) Fluorescence IHC analysis of Cl-Cas3, HIF1α, and CD34 expression in lung tissue sections from chetomin- and vehicle-
administered groups. (H) Chetomin lowers tumorigenesis in a flank mouse model of tumor propagation (n = 9 mice per cohort). H1299 xenografts from chetomin-
and vehicle-administered animals (3 wk) were excised and dissociated into single cells. Following culture of viable cells, serially-diluted cells were then inoculated
into NOD/SCID and tumorigenesis was evaluated in recipient mice. (I-K) Chetomin (3 wk) does not differentially effect tumorigenesis in chetomin-treated H460 versus
H460/R flank xenograft mouse models (n = 9 mice per cohort). No significant differences in (I) tumor size or (J) tumor mass between chetomin-treated H460 versus
H460/R models. (K) Fluorescence IHC analysis in lung tissue sections showing no significant differences in Cl-Cas3, HIF1α, or CD34 expression between chetomin-
treated H460 versus H460/R models. *p < .05, **p < .01 versus Con (0 mg/kg).
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Chetomin blocks Hsp90’s binding to HIF1α’s N-terminus

We explored the molecular details of the inhibitory action of
chetomin on Hsp90/HIF1α binding. We confirmed that che-
tomin did not affect Hsp90 or Hsp70 protein levels in
24 hour-exposed monolayer NSCLC cultures (Figure 5A).
Since chetomin did not impact Hsp90 protein levels, we
next sought whether it directly inhibits the interaction
between Hsp90 and HIF1α. It has been well-established that
the Hsp90 protein binds to HIF1α’s basic helix–loop–helix–
PER–ARNT–SIM (bHLH–PAS) domain, which is located at
HIF1α’s N-terminus.38,39 Chetomin was therefore titrated into

full-length (“FL”), N-terminus domain (“N”), and C-terminus
domain (“C”) variants of HIF1α in the presence of Hsp90.
Addition of chetomin inhibited the interaction of Hsp90 to
the “FL” and “N” variants but not to the “C” variant (Figure
5B), suggesting chetomin’s specifically inhibits the Hsp90-
HIF1α binding interaction in HIF1α’s N-terminus.

We generated stable lines of H1299 cells with short hairpin
RNA (shRNA)-mediated knockdown of Hsp90 (Hsp90-
shRNA-H1299) and scrambled control (scr-shRNA-H1299)
to determine whether chetomin’s anti-cancer properties are
associated with its inhibition of Hsp90’s binding to HIF1α. As

Figure 5. Chetomin blocks Hsp90’s binding to HIF1α’s N-terminus.
(A) Chetomin does not affect Hsp90 or Hsp70 protein levels in monolayered NSCLC cultures (24 h). (B) Chetomin disrupts binding of Hsp90 to HIF1α’s “FL” and “N”
variants. (C, D) Stable transfection of Hsp90-shRNA in H1299 cells abrogates chetomin-mediated (2 wk) disruption of (C) sphere-forming ability and (D) colony-
forming ability under anchorage-dependent conditions. (E) Western blotting evaluation of Hsp90 and Akt protein levels in H1299 cells with stable transfection of
Hsp90-shRNA or scr-shRNA. (F) Hsp90 overexpression in H1299 cells rescues chetomin-mediated inhibition of Hsp90 client protein expression (MEK1/2 and Src).
*p < .05, **p < .01 versus Con (0 nM/μM). All in vitro experiments: 3 biological replicates × 3 technical replicates. Results presented as means ± SEMs. Abbreviations:
C = C-terminus Hsp90 variant; FL = full-length Hsp90 variant; N = N-terminus Hsp90 variant; shRNA = short hairpin RNA.
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expected, chetomin exposure for two weeks lowered colony-
and sphere-forming capacity in scr-shRNA-H1299 cells
(Figure 5C, D). However, chetomin exposure did not exert
any discernible impact on these characteristics in Hsp90-
shRNA-H1299 cultures (Figure 5C, D). Furthermore, cheto-
min did not affect levels of Akt, an Hsp90 substrate, in Hsp90-
shRNA-H1299 cultures (Figure 5E). On the other hand,
H1299 cultures overexpressing Hsp90 reestablished levels of
Hsp90 substrates MEK1/2 and Src (Figure 5F). These results
suggest that chetomin’s anti-cancer properties are dependent
upon the presence of Hsp90.

Discussion

CSCs are believed to be one mechanism for tumor recurrence,
metastasis, and acquired therapy resistance in NSCLC.40

Discovering the molecular mechanisms that help CSCs sur-
vive could pinpoint possible treatment avenues. Hsp90 aids
protein folding, an essential process for CSCs enduring cyto-
toxic pressure, and several genes associated with Hsp90 are
upregulated in CSCs.9,12 Numerous Hsp90 proteins are
involved in the proliferative and metastatic potential of
tumor cells and elevated Hsp90 protein levels are associated
with worse prognosis in NSCLC patients.10,11 These features
suggest that Hsp90 inhibitors may serve as potential anti-
cancer drugs.13,14 As drugs to prevent tumor relapse would
need to be administered over months to years, long-term
direct Hsp90 inhibition displays several drawbacks, such as
inferior solubility, poorly-tolerated formulations, and
hepatotoxicity15,16_ENREF_20 in addition to induced resis-
tance via Hsp70.41 Therefore, an indirect Hsp90 inhibition
strategy, such as inhibition of Hsp90’s key downstream effec-
tors or Hsp90’s key interaction with its downstream effectors,
may be a promising approach in NSCLC patients. That being
said, an ideal indirect Hsp90 inhibitor would need
a particularly favorable safety profile and exert no significant
effects on either Hsp90 or Hsp70 expression.

Herein, we report that chetomin, an indole heteropenta-
cyclic compound isolated from C. globosum,17 functions as an
Hsp90/HIF1α pathway inhibitor that decreases the viability
and elicits apoptosis of NSCLC CSCs spheres and non-CSCs
monolayer cultures in vitro within nanomolar and micromo-
lar range, respectively. Moreover, we found that chetomin
inhibits tumorigenesis in a spontaneous KrasLA1 lung cancer
model, a H1299 flank xenograft model, and a tumor propaga-
tion flank implanted model. Notably, chetomin does not sig-
nificantly affect Hsp90 or Hsp70 expression in vitro, is only
marginally toxic to non-cancerous cell lines in vitro, and
produces no discernible toxicity to mice in vivo. These prop-
erties make chetomin particularly attractive as a potential
anti-cancer drug in NSCLC patients.

On a molecular level, chetomin has been shown to target the
CH1 domain of the transcriptional co-activator p300, thereby
blocking the p300-HIF-1α interaction, which attenuates HIF-
1α’s hypoxia-inducible transcription.27 As we found that che-
tomin blocks Hsp90’s binding to HIF1α, these findings suggest
that chetomin indirectly produces this effect through p300. On
a cellular level, chetomin inhibits human triple-negative breast
cancer cell proliferation via apoptosis induction42 and displays

anti-myelomatous activity without toxicity to normal hemato-
poietic cells.43 This evidence supports our contention that
chetomin displays potent anti-cancer properties with
a favorable safety profile. In conclusion, our study advocates
chetomin as a Hsp90/HIF1α pathway inhibitor and a potent,
nontoxic NSCLC CSC-targeting molecule.
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