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HKB99, an allosteric inhibitor of phosphoglycerate mutase 1,
suppresses invasive pseudopodia formation and upregulates
plasminogen activator inhibitor-2 in erlotinib-resistant
non-small cell lung cancer cells
Qian Liang1,2, Wei-ming Gu1,2, Ke Huang3, Ming-yu Luo1,2, Jing-hua Zou1,2, Guang-lei Zhuang4, Hui-min Lei1,2, Hong-zhuan Chen5,
Liang Zhu1,2, Lu Zhou3 and Ying Shen1,2

Acquired resistance to epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs), such as erlotinib, remains a major
challenge in the targeted therapy of non-small cell lung cancer (NSCLC). HKB99 is a novel allosteric inhibitor of phosphoglycerate
mutase 1 (PGAM1) that preferentially suppresses cell proliferation and induces more apoptosis in acquired erlotinib-resistant
HCC827ER cells compared with its parental HCC827 cells. In this study we identified the molecular biomarkers for HKB99 response
in erlotinib-resistant HCC827ER cells. We showed that HCC827ER cells displayed enhanced invasive pseudopodia structures as well
as downregulated plasminogen activator inhibitor-2 (PAI-2). Meanwhile, PAI-2 knockdown by siPAI-2 candidates decreased the
sensitivity of HCC827 parental cells to erlotinib. Moreover, HKB99 (5 μM) preferentially inhibited the invasive pseudopodia
formation and increased the level of PAI-2 in HCC827ER cells. Collectively, this study provides new insight into the role of PAI-2 in
regulating the sensitivity of erlotinib resistant NSCLC cells to PGAM1 inhibitor. Furthermore, PAI-2 level might be considered as a
potential biomarker for predicting the efficacy of the PGAM1 allosteric inhibitor on the erlotinib resistant NSCLC cells.
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INTRODUCTION
Lung cancer is a malignant tumor with high global morbidity and
mortality, and the incidence of lung cancer in China is quickly
increasing [1]. Lung cancer is pathologically divided into small cell
lung cancer (SCLC) and non-small cell lung cancer (NSCLC), which
can be further divided into lung adenocarcinoma, squamous cell
carcinoma, and large cell carcinoma [2]. Epidermal growth factor
receptor tyrosine kinase inhibitors (EGFR-TKIs), such as erlotinib,
gefitinib and afatinib, are the first-line treatment for patients with
EGFR mutation-positive lung adenocarcinoma [3–5]. However, the
development of drug resistance is inevitable and presents a great
challenge to the long-term success of TKI treatment [6].
Plasminogen activator inhibitor-2 (PAI-2), also known as the

second member of clade B serine protease inhibitors (SERPINB2),
has been thoroughly shown to be an inhibitor of extracellular
urokinase plasminogen activator (uPA) [7]. Low levels of PAI-2 are
correlated with high metastasis and poor prognosis in lung cancer
[8–10]. Another study reported that in comparison to parental
cells, the expression of PAI-2 is decreased in gefitinib-resistant

NSCLC cells, which increased invasiveness and metastasis by
lengthening invadopodia-like structures around the cells [11].
Metabolic reprogramming is well documented as one of the

hallmarks of cancer [12]. Phosphoglycerate mutase 1 (PGAM1)
plays a key role in cancer metabolism by regulating aerobic
glycolysis and anabolic biosynthesis [13]. In addition, PGAM1 is
reported to promote homologous recombination repair by
regulating the deoxyribonucleotide triphosphate (dNTP) pool
[14]. In addition to its metabolic functions, PGAM1 also directly
interacts with α-smooth muscle actin (ACTA2) to promote cancer
cell migration [15]. The expression of PGAM1 is upregulated in
multiple cancers, such as lung cancer, urothelial bladder cancer,
and pancreatic cancer, and it is closely related to the prognosis of
patients [16–18], which further indicates that PGAM1 is a potential
target for tumor therapy.
We recently discovered a novel PGAM1 allosteric inhibitor,

HKB99, which blocks the structure of PGAM1 by affecting the
metabolic activity and nonmetabolic function of PGAM1, and
it inhibits tumor growth and metastasis, and overcomes the
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resistance of NSCLC to erlotinib [19]. In addition, while it does not
change the growth in parent HCC827 cells, HKB99 preferentially
inhibits the growth of erlotinib-resistant HCC827ER cells; however,
it remains unclear what molecular biomarkers might be predictive
of HKB99 sensitivity.
Here, we established erlotinib-resistant HCC827ER cells and

found that the expression of PAI-2 protein was downregulated
and the formation of invasive pseudopodia was enhanced in
HCC827ER cells. After knockdown of PAI-2, HCC827 parental cells
became resistant to erlotinib. In addition, the PGAM1 allosteric
inhibitor HKB99 can effectively inhibit the formation of invasive
pseudopodia and increase the level of PAI-2 in HCC827ER cells.

MATERIALS AND METHODS
Cell lines and reagents
HCC827 and HCC827ER cells were cultured in RPMI-1640 (Gibco)
supplemented with 10% fetal bovine serum at 37 °C in 5% CO2 in
a humidified atmosphere, which was carried out according to
ATCC protocols. Erlotinib-resistant HCC827ER cells were kindly
donated by Dr. Zhuang (Ren Ji Hospital, School of Medicine,
Shanghai Jiao Tong University, Shanghai, China). Erlotinib was
purchased from APExBIO (A3397) and reconstituted in DMSO
(Sigma-Aldrich).

Cell viability assays
NSCLC cells were seeded in 96-well plates at a density of 3000
cells per well and were allowed to adhere overnight. HKB99 was
added, in a dilution series, to the cells, and they were incubated
for 72 h. Cell viability was determined by Cell Counting Kit-8
(CCK8) colorimetric assay (Dojindo).

Western blotting analysis
NSCLC cells were lysed with RIPA lysis buffer (Beyotime) contain-
ing PMSF protease inhibitor (Beyotime). The concentration of
protein in the lysate was determined by BCA (Thermo Scientific),
and then the samples were adjusted until they all had the same
concentration. The protein samples were incubated with pre-
heated 5% SDS and were exposed to strong vortexing for 2–3 s,
boiled for 10 min, separated by SDS-PAGE and transferred to PVDF
membranes (Immobilon-P, Millipore). Membranes were blocked
for 1 h at room temperature with 5% milk in 1× Tris-buffered
saline Tween-20 (TBST), and then they were blotted with primary
antibodies at 4 °C overnight. The following antibodies were used:
anti-PGAM 1 (Santa Cruz), anti-PAI2 (Santa Cruz), and anti-β-actin
(Genetex). After washing with 1× TBST three times, membranes
were incubated with horseradish peroxidase-conjugated anti-
rabbit IgG (dilution, 1:5000) or anti-mouse IgG (dilution, 1:5000)
antibodies at room temperature for 1 h, and the immunoblots
were visualized with an ECL detection kit (Thermo Fisher
Scientific).

Immunoblotting fluorescence
Cells in the logarithmic growth phase were plated into dishes.
When at approximately 80% confluence, the cells were fixed by
treatment with 4% paraformaldehyde at room temperature for 15
min. The fixed cells were blocked with 1% BSA containing 0.1%
Triton X-100 for 30 min at room temperature. Cells were incubated
with FICT-phalloidin (YESEN, 40735ES75) or anti-PAI2 (Santa Cruz)
at 4 °C overnight. DAPI (0.5 μg/mL, Vector Laboratories, Burlin-
game, CA, USA) was used to counterstain the nuclei. The images
were obtained using a Leica TCP-SP8 confocal microscope (Leica,
Wetzlar, Germany) and a Zeiss ApoTome microscope (Carl Zeiss,
Jena, Germany); the scale bar is equal to 50 μm.

siRNA transfection
RNA interference of PAI2 was performed using 25-bp siRNA
duplexes purchased from GenePharma. Cells were plated at

30%–40% confluence in OPTI-MEM serum-free medium, and
then they were transfected with a specific siRNA duplex using
Lipofectamine 3000 (Invitrogen) according to the manufacturer’s
instructions. Target sequences for siRNAs were as follows:
siPGAM1 #1: 5′-CCA-GTG-GAA-GAC-GAA-TGT-A-3′, siPGAM1 #2:
5′-AGG-TTC-TCA-GTC-TAA-GCT-A-3′, siPAI2 #1: 5′-AGG-CAC-AAG-
CTG-CAG-ATA-A-3′, siPAI2 #3: 5′-AGG-CAG-TAG-ACT-TCC-TAG-A-3′,
and siPAI2 #4: 5′-GTA-GTT-ATC-CTG-ATG-CGA-T-3′. Experiments
were performed 24 h or 72 h after transfection. Cells transfected
with a nonspecific siRNA duplex were used as controls for direct
comparison.

Cell proliferation assays
NSCLC cells were seeded in 96-well plates at a density of 3000
cells per well. Then, the cells were incubated for 72 h and scanned
every 4 h by an IncuCyte Live Cell Analysis system (Sartorius).

Statistical analysis
All experiments were repeated more than three times. The
following statistical parameters are described in the figure
legends: the exact value of n, dispersion and precision measures
and statistical significance. Differences between two groups were
analyzed using two-tailed unpaired Student’s t-tests. Kaplan–Meier
survival analysis of PGAM1 and PAI2 expression was performed
with a log-rank test based on a database from TCGA. A P value of
< 0.05 was considered significant (*P < 0.05; **P < 0.01; ***P <
0.001; and ****P < 0.0001). Statistical analyses were performed
using Graph Pad Prism 7.0 (GraphPad Software, https://www.
graphpad.com/scientificsoftware/prism).

RESULTS
PAI-2 is downregulated in erlotinib-resistant NSCLC cells
HKB99 has been identified as a brand new allosteric inhibitor of
PGAM1 that exhibits multiple antitumor properties, including
inhibiting tumor growth and metastasis in erlotinib-resistant
NSCLC cells [19]. In accordance with our previous study, we
confirmed that HKB99 preferentially suppresses cellular prolifera-
tion in acquired erlotinib-resistant HCC827ER cells, and it has
higher potency (IC50 value of 1.020 μM) and efficacy than is
achieved in the parental HCC827 cells (IC50 value of 1.705 μM)
(Fig. 1a, b). Therefore, we wanted to explore whether there is
some potential biomarker for predicting the efficacy of HKB99 on
erlotinib-resistant NSCLC cells.
First, enhanced invadopodia-like structural protrusions were

observed under phase-contrast microscopy in HCC827ER cells that
were not observed in parental HCC827 cells (Fig. 1c). The result of
F-actin staining also showed many protrusions with actin
filaments around the HCC827ER cells (Fig. 1d). As a previous
study demonstrated that such alterations in cell morphology are
closely associated with the downregulation of PAI-2 in gefitinib-
resistant NSCLC cells, we then explored whether the level of PAI-2
was changed in erlotinib-resistant NSCLC cells [11]. Accordingly,
the PAI-2 protein level was significantly lower in HCC827ER cells
(approximately 60% relative to parental HCC827 cells, Fig. 1e, f).
Collectively, our results suggest that PAI-2 is downregulated and
that there is an acquisition of invasive pseudopodia in acquired
erlotinib-resistant NSCLC cells.

Downregulation of PAI-2 is associated with erlotinib resistance in
NSCLC cells
As the PAI-2 protein level is downregulated in HCC827ER cells, we
wondered whether PAI-2 contributes to erlotinib resistance in
NSCLC cells. To minimize the potential off-target effects, three
siPAI-2 candidates were used to efficiently knock down the
expression of PAI-2 in HCC827 cells (Fig. 2a). The results of CCK8
assays showed that the sensitivity of erlotinib treatment was
reduced after HCC827 cells were transfected with the different
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Fig. 2 Downregulation of PAI-2 induces resistance to erlotinib treatment in HCC827 cells. a siPAI-2 candidates were transfected into HCC827
cells at 25 and 50 nM and were incubated for 72 h. The knockdown efficiency of siPAI-2 candidates was then determined by immunoblotting.
C, untreated control; M, 5 nM negative siRNA transfection. b After HCC827 cells were treated with various concentrations of erlotinib, 50 nM
siPAI-2 candidates or 5 nM negative siRNA (mock) for 72 h, as indicated, and a CCK8 assay was used to measure cell viability. Error bars
represent the mean ± SD of triplicates

Fig. 1 Increased invasive pseudopodia structures and downregulation of PAI-2 in HCC827ER cells. a Cells were treated with HKB99 at various
concentrations for 72 h. b The indicated cells were treated with 1.25 μM HKB99 for 72 h. The inhibition of the cell growth rate was then
analyzed by CCK8 assay. c Cellular morphology was observed by phase-contrast microscopy. d F-actin was stained with FITC phalloidin.
Representative images were detected by laser confocal fluorescence microscopy. e Protein levels of PAI-2 were measured by immunoblotting
of HCC827 and HCC827ER cells. f Grayscale analysis of PAI-2 described in e was from three independent experiments. Error bars represent the
mean ± SD of triplicates. ***P < 0.001. Scale bar, 50 μm
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siPAI-2 candidates (50 nM each) (Fig. 2b). In addition, knockdown
of PAI-2 alone had no significant influence on the proliferation
and cell morphology of HCC827 cells (Fig. S1). Together, these
data suggest that PAI-2 deletion promotes erlotinib resistance in
NSCLC cells.

HKB99 preferentially inhibits invasive pseudopodia formation and
increases the level of PAI-2 in HCC827ER cells
In accordance with our previous work, we observed that HKB99
quickly disrupted the invadopodia-like protrusions in HCC827ER
cells (Fig. 3a). Combined with the result that HKB99 preferentially
suppresses the proliferation of HCC827ER cells, we wondered
whether HKB99 would also affect the level of PAI-2. As expected,
HKB99 treatment of HCC827ER cells notably increased the level of
PAI-2 after 6 h of short-term treatment; this was observed even
after treatment with a low concentration of 1.25 μM, while no such
upregulation of PAI-2 was observed until the HCC827 cells were
treated with 5 μM HKB99 (Fig. 3b). We also treated HCC827 and
HCC827ER cells with siPGAM1 or siPAI-2 individually. The data
consistently showed that PGAM1 inhibition by siPGAM1 also
increased the protein level of PAI-2, while siPAI2 had no effect on
the level of PGAM1 (Fig. S2). The immunofluorescence results also
showed that the level of F-actin was significantly decreased and
that PAI-2 was increased in HCC827ER cells after 3 h of treatment
with 5 μM HKB99 (Fig. 3c). Consistent with our hypothesis, HKB99
was shown to suppress invasive pseudopodia formation and
upregulate PAI-2 in erlotinib-resistant NSCLC cells.

DISCUSSION
Increasing evidence indicates that PAI-2 acts as a tumor
suppressor. The PAI-2/uPA axis regulates stromal remodeling
and local invasion in pancreatic cancer [20]. PAI-2 that translocates
to the nucleus in normal cells exerts a DNA repair function that is
blocked in tumor cells [7]. Another recent study showed that the

kindlin-2/p53/SerpinB2 signaling axis regulates cellular senes-
cence in breast cancer [21]. Furthermore, PAI-2 downregulation
contributes to acquired resistance to cisplatin in head and neck
carcinomas [22]. Additionally, low PAI-2 levels are associated
with gefitinib resistance and the formation of invadopodia-like
structure protrusions in NSCLC [11]. In accordance with recent
studies, our results showed that PAI-2 levels were decreased and
that more invasive pseudopodia structures were observed in
erlotinib-resistant HCC827ER cells than were seen in the parental
HCC827 cells. siPAI-2s-mediated knockdown of PAI-2 in HCC827
cells resulted in decreased sensitivity to erlotinib treatment.
Taken together, these findings imply a potential role for PAI-2 in
acquired resistance to erlotinib in NSCLC.
Metabolic enzymes are involved in acquired resistance to EGFR-

TKIs in NSCLC treatment. Therefore, targeting key metabolic
enzymes may represent a promising strategy for overcoming
EGFR-TKI resistance in NSCLC targeted therapy [23, 24]. Our
previous work identified a novel PGAM1 allosteric inhibitor,
HKB99, which blocks the function of PGAM1, suppresses tumor
growth and metastasis and overcomes erlotinib resistance in
NSCLC by impacting both PGAM1’s metabolic activity and its non-
metabolic function. Furthermore, HKB99 preferentially inhibits
cell growth and induces more apoptosis in erlotinib-resistant
HCC827ER cells than is observed in their parental HCC827 cells
[19]. Here, we found that HKB99 preferentially inhibited invasive
pseudopodia formation and increased the level of PAI-2 to a
greater extent in HCC827ER cells than it did in parental HCC827
cells (Fig. 3b), which reveals a role of PAI-2 in regulating the
sensitivity of erlotinib-resistant NSCLC cells to PGAM1 inhibitors.
However, the specific signaling pathway contributing to the
upregulation of PAI-2 by treatment with allosteric PGAM1
inhibitors still needs further investigation.
Previous work has reported that aberrant PGAM1 levels

correlate with poor prognosis in NSCLC patients [16, 19, 25],
whereas low expression of PAI-2 correlates with reduced survival

Fig. 3 HKB99 preferentially inhibits invasive the formation of pseudopodia protrusions and increases the level of PAI-2 in HCC827ER cells.
a HCC827ER cells were treated with 5 μM HKB99 for 3 h, and cell morphology was observed under a phase contrast microscope. b The protein
level of PAI-2 was determined after HKB99 treatment of HCC827 and HCC827ER cells at the indicated concentration for 6 h by
immunoblotting. c Detection of F-actin and PAI-2 proteins by immunofluorescence after HCC827ER cells were treated with 5 μM HKB99 for 3 h.
Representative images were captured by laser scanning confocal microscopy. Scale bar, 50 μm

Study on the mechanism of erlotinib resistance in NSCLC
Q Liang et al.

118

Acta Pharmacologica Sinica (2021) 42:115 – 119



in patients with lung adenocarcinomas [10]. Here, we observed
that NSCLC patients with PGAM1high vs. PAI-2low had poorer
prognosis than those with PGAM1low vs. PAI-2high expression (P=
0.0641; Fig. S3), which we determined using a combined survival
analysis of an NSCLC cohort composed of 500 individuals
containing PGAM1 and PAI-2 mRNA data, in which PGAM1 and
PAI-2 expression was divided based on quartiles. Combined with
the results from our current study, we conclude that it is worth
exploring the clinical significance of PGAM1 and PAI-2 expression
in EGFR-mutated lung cancer patients.
In conclusion, our study suggests that the downregulation of

PAI-2 is associated with acquired resistance to erlotinib in NSCLC
cells. Moreover, the induction of PAI-2 by HKB99 might be
considered a potential biomarker for predicting the efficacy of the
PGAM1 allosteric inhibitor in NSCLC therapy.
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