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Methylation-modulated PFTK1 regulates
gefitinib resistance via Wnt/β-catenin
signaling in EGFR mutant non-small-cell
lung cancer cells

Check for updates

Xiaoting Jia 1,4, Jingjie Tian2,4, Pingping Chen1,4, Jing Dong3, Lei Li1, Danyang Chen1, Jianlei Zhang1,
Dongjiang Liao1 , Zhimin He1 & Kai Luo 1

Inevitable gefitinib resistance is the biggest bottleneck in current treatment and the mechanisms are
not fully understood. Here, we observe that PFTK1 (also named CDK14) is significantly enhanced in
NSCLC with gefitinib resistance. And the upregulation of PFTK1 is negatively associated with
progression-free survival (PFS) in NSCLC patients who receive gefitinib treatment. Further study
suggests that gefitinib cancritically acceleratePFTK1 through suppressing its promotermethylation in
a DNMT3B-dependent manner. Gain and loss of function assays demonstrate that desregulation of
PFTK1 significantly enhances gefitinib resistance inNSCLC. PFTK1 interactswith LRP6 and activates
Wnt/β-catenin signaling to attenuate gefitinib-induced cellular apoptosis.Moreover, FMF-04-159-2, a
specific covalent inhibitor of PFTK1, can reverse the effect of PFTK1on gefitinib resistance in vitro and
in vivo. Consequently, these findings shed new light on themechanismunderlying gefitinib resistance,
and suggest PFTK1 as a target for gefitinib treatment in NSCLC.

Lung cancer is one of the main causes of cancer-related mortality.
Accounting for ~85% of all lung cancer is non-small cell lung cancer
(NSCLC)1. Recently, several epidermal growth factor receptor (EGFR)
tyrosine-kinase inhibitors (TKIs) have been developed to improve the
prognosis of NSCLC patients whose tumors harbor EGFR-sensitizing
mutations2,3. Among them, gefitinib, the first-generation EGFR-TKIs, is the
standard treatment choice in China. Unfortunately, inevitable resistance
develops and limits its clinical application.

Increasing studies have explored themechanismof gefitinib resistance.
Approximately 50% cases of acquired gefitinib resistance are due to a sec-
ondary T790M mutation in EGFR gene4. In addition, c-MET and HER2
gene amplification, K-Ras gene mutation, epithelial–mesenchymal transi-
tion (EMT), and cancer stemness were the main reasons for gefitinib
resistance5–7. However, even 30% of NSCLC patients still suffered from
gefitinib resistance due to unknownmechanisms8. Therefore, it is extremely
urgent to discover new mechanisms of gefitinib resistance.

As we all know, gefitinib is highly specific for exon 19 deletion (del 19)
and exon 21 mutation (L858R) of EGFR9. Thus, we constructed gefitinib-
resistant cell lines from HCC827 and PC9, which harbor EGFR exon 19

deletion. Through transcriptome sequence and subsequent study, we con-
firmed that serine/threonine-protein kinase PFTAIRE 1 (PFTK1, also
named as CDK14) played an important role in gefitinib resistance and
provided evidence for using a PFTK1 inhibitor to reverse gefitinib
resistance.

PFTK1 is a member of the cyclin-dependent kinase family. It is highly
expressed in the pancreas, brain, heart, kidney, testis, and ovary but lowly
expressed in the placenta, lung, and liver tissues10. Initially, PFTK1 was
noted to specifically interact with cyclin D3 (CCND3) and form a ternary
complex with the cell cycle inhibitor p21 (Cip1) in mammalian cells. Sup-
pressing PFTK1 caused cell cycle arrest at the G1 stage11. Subsequently,
PFTK1 was identified to interact with CCNY (Cyclin Y) in several
studies12,13. CCNY enhanced PFTK1 kinase activity and recruited PFTK1 to
the plasma membrane to phosphorylate low-density lipoprotein receptor-
related protein 6 (LRP6)14. LRP6, a single-span transmembrane receptor,
plays a key role in the transductionof the canonicalWnt/β-catenin signaling
pathway15.Moreover, PFTK1was reported tobe significantly upregulated in
esophageal squamous cell carcinoma (ESCC)16, hepatocellular carcinoma
(HCC)17, prostate cancer (PCa)18. PFTK1 promotes cell proliferation,
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migratory properties, and chemotherapy resistance in these tumors. Little is
known about the function of PFTK1 in gefitinib resistance.

In the current study, we set out to elucidate the mechanisms that
PFTK1 mediates the resistance of NSCLC cells to gefitinib. This aim to
identify a feasible therapy target and overcome gefitinib resistance
in NSCLC.

Results
Upregulation of PFTK1 in gefitinib resistance NSCLC tissues
and cells
To investigate the mechanism of gefitinib resistance, two NSCLC cell lines
HCC827 andPC9 (both harboring EGFR exon 19 deletion)were exposed to
gefitinib for more than one year to establish gefitinib-resistant cell lines
(HCC827/GR and PC9/GR). Strikingly, compared to parental cells,
HCC827/GR cells showed an obvious EMT phenotype, whereas PC9/GR
cells exhibited less likely EMT phenotype (Supplement Fig. 1a). Briefly, we
conducted cell viability assays to measure the sensitivity of mentioned cells.
The results demonstrated that HCC827/GR and PC9/GR cells were highly
resistant to gefitinib in contrast with their respective parental cells
(Fig. 1a, b). To confirm which gene contributed to gefitinib resistance in
NSCLC, Gene ExpressionMicroarray analysis was carried out in HCC827/
GR and parental cells. Here, we focused on Wnt signaling pathway to
discover its role in gefitinib resistance. The top 10 differentially expressed
genes of Wnt signaling pathway were shown and measured by qRT-PCR
assays. The results noted that PFTK1 was the most differentially expressed
gene among these 10 genes (Supplement Fig. 1b, Fig. 1c). Therefore, we
focused on PFTK1 and measured its protein expression. In line with this
observation, western blot assay revealed that PFTK1 was significantly
enhanced in HCC827/GR and PC9/GR cells comparing with HCC827 and
PC9 cells, respectively (Fig. 1d). The results of qRT-PCR assays suggested
that PFTK1 was remarkably enhanced in a time-dependent manner by
gefitinib (Fig. 1e). Furthermore, we estimated the subcellular location of
PFTK1 by immunofluorescence (IF) assays. And, the results suggested that
PFTK1 was mainly expressed in the cytoplasm and nucleus (Fig. 1f). As
shown inSupplementFig. 1c, the results ofKaplan–Meier analysis suggested
that PFTK1 was positively correlated with poor prognosis of NSCLC
patients (p = 0.019). Then, we used the online software COMIP to evaluate
the correlation between EGFR mutation and PFTK1 expression in LUAD
from the TCGA databank. As indicated in Supplement Fig. 1d, PFTK1 was
significantly enhanced in the EGFR mutation group (n = 60), compared to
that in the EGFR wild-type group (n = 437). Subsequently, we measured
PFTK1 expression in 6 pairs of sensitive and gefitinib-resistant tissues via
qRT-PCR assays. The results suggested that PFTK1 was accelerated in
gefitinib-resistant tissues than in paired sensitive tissues (Fig. 1g). In addi-
tion, immunohistochemistry (IHC) staining analysis was performed in 67
cases of NSCLC tissues with gefitinib treatment to determine PFTK1
expression (Fig. 1h, Supplement Fig. 1e). PFTK1wasmarkedly increased in
16 out of 19 cases of the resistant group. However, PFTK1 was inhibited in
72.92% of tissues of the 48 cases sensitive group. According to the clinical
parameters, we observed that upregulation of PFTK1 was negatively asso-
ciatedwith progression-free survival (PFS) inNSCLCpatients who received
gefitinib treatment (Fig. 1h). Together, these results proved that PFTK1was
highly expressed in NSCLC with gefitinib resistance. Patients with high
PFTK1have apoor response to gefitinib, indicating thatPFTK1maybeused
to predict the efficacy of gefitinib therapy in NSCLC patients.

The Function of PFTK1 involved in gefitinib resistance of NSCLC
To verify the role of PFTK1 in gefitinib resistance, we restored PFTK1 in
HCC827 andPC9 cells, and knocked downPFTK1 in gefitinib-resistant cell
lines HCC827/GR and PC9/GR (Fig. 2a, b). It is found that over-expressing
PFTK1 could significantly enhance cell resistance to gefitinib in HCC827
and PC9 cells (Fig. 2c). Conversely, inhibiting PFTK1 in HCC827/GR and
PC9/GR cells did the opposite (Fig. 2d). HCC827 cells transfected with
vector showed a slight decrease in cell colony formation abilitywith gefitinib
treatment. However, cells transfected with PFTK1 showed a significant

increase in cell colony formation ability with gefitinib treatment. Similar
results were supported by PC9 cells (Fig. 2e, Supplement Fig. 2a). On the
contrary, the knockdown of PFTK1 in gefitinib-resistant cells dramatically
suppressed the cell colony formation abilitywith gefitinib treatment (Fig. 2e,
Supplement Fig. 2b). Consistently, flow cytometry results suggested that
both HCC827 and PC9 cells with restored PFTK1 showed a sharp decrease
in apoptosis after gefitinib treatment, compared with each control group
(Fig. 2f, Supplement Fig. 2c, d). To further investigate whether PFTK1
affects cell viability in vivo, cells (HCC827/Luc cells with restored PFTK1 or
vector,HCC827/GR/Luc cellswith shRNAtargetingPFTK1or control, PC9
cells with restored PFTK1 or vector, PC9/GR cells with shRNA targeting
PFTK1 or control) were subcutaneously injected into BALB/c nudemice to
establish a xenograft tumor model. The results of the luciferase image
demonstrated that the PFTK1 overexpression group exhibited stronger
luciferase activity and bigger tumor size with gefitinib treatment. However,
knocking down PFTK1 got the opposite results (Fig. 2g, h, Supplement
Fig. 2e). Collectively, the in vitro and in vivo results proved that PFTK1was
involved in the gefitinib resistance of NSCLC.

PFTK1 activating theWnt/β-catenin signaling pathwaymediated
gefitinib resistance in NSCLC
To address the underlying mechanism by which PFTK1 enhances gefitinib
resistance, we analyzed the proteomics ofHCC827 cells by restoring PFTK1
and the control group. Compared with control cells, 742 proteins were
obviously upregulated, and 767 proteins were significantly downregulated
inHCC827 cellswith restored PFTK1 (Fig. 3a). Subcellular location analysis
demonstrated that approximately 31.81%of theproteinswere just located in
nucleus. While 26.83% of the proteins were predominantly expressed in
cytoplasm (Fig. 3b).As shown inFig. 3c, thedifferentially expressedproteins
ofWnt signalingpathwayswere exhibited viaGOanalysis. Among these,we
focused on the higher upregulation of β-catenin caused by PFTK1. Previous
studies have suggested that phosphorylation of LRP6 is crucial for Wnt/β-
catenin signal transduction. Activating Wnt signaling promotes β-catenin
to transfer into the nucleus and bind to members of the T-cell factor/
lymphoid enhancer factor (TCF/LEF) family, recruit transcriptional co-
activators including p300 and/or CREB binding proteins to drive a Wnt
transcriptional program19. Therefore, we conducted a series of experiments
to verify this. The results suggested that PFTK1 greatly enhanced the
phosphorylation levels of LRP6 and β-catenin, and facilitated the nuclear
translocation of β-catenin. While suppressing PFTK1 did the opposite
(Fig. 3d, e). CO-IP assays suggested that PFTK1 can interactwith bothLRP6
and p-LRP6 in NSCLC cells (Fig. 3f). To further investigate, we employed
the TOPFlash (a wild type of TCF/LEF-binding site)/FOPFlash (a mutant
type of TCF/LEF-binding site) reporter system to determine the impact of
PFTK1 on the transcriptional activity of β-catenin. The luciferase reporter
gene assay suggested that PFTK1markedly accelerated TOPFlash luciferase
activity in NSCLC cells, while having no effect on FOPFlash activity
(Fig. 3g). In addition, we used Adavivint (SM04690), an effective classical
Wnt signaling pathway inhibitor, to address the function of the Wnt/β-
catenin signaling pathway caused by PFTK1 in gefitinib resistance. It is
noted that Adavivint reversed the effect of PFTK1 on TOPFlash luciferase
activity (Fig. 3g). The results of cell viability assays suggested that restored
PFTK1 enhanced gefitinib resistance in NSCLC cells, while Adavivint sig-
nificantly reversed this effect (Fig. 3h). Finally,we demonstrated that PFTK1
promoted tumor growth with gefitinib treatment in vivo, compared to the
control group. Expectedly, Adavivint reversed this effect (Fig. 3i). Taken
together, these findings demonstrated that PFTK1 activated the Wnt/β-
catenin signaling pathway to enhance the resistance of NSCLC cells to
gefitinib.

Decreasing DNMT3B inhibited PFTK1 via promoter methylation
in NSCLC with gefitinib resistance
To gain insights into themechanism of PFTK1 upregulated in gefitinib-
resistant cells, we first estimated its promoter. We downloaded a
2500 bp promoter sequence of PFTK1 from UCSC and predicted its
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Fig. 1 | PFTK1 was highly expressed in gefitinib-resistant NSCLC. a, b HCC827
and PC9 cells were treated with a stepwise dose escalation of gefitinib (ranging from
0.1 to 5 μM) over for 1 year to establish resistant cell lines HCC827/GR and PC9/GR.
Cell viability assays were performed in parental and resistant cells. The IC50 values
of each cell to gefitinib were evaluated (n = 3). **p < 0.01. c The mRNA levels of the
top 10 differentially expressed genes in Wnt signaling pathway from Gene
Expression Microarray analysis were determined by qRT-PCR assays (n = 3).
**p < 0.01. d WB assays and densitometric analysis for the expression of PFTK1
were conducted in the mentioned cells (n = 3). **p < 0.01. eHCC827 and PC9 cells
were treated with 1 μM gefitinib for 0 h, 6 h, 12 h, 24 h, and 48 h, respectively. The

PFTK1 expression levels were measured via qRT-PCR assays (n = 3). f The sub-
cellular location of PFTK1 was estimated in NSCLC cells via IF assays. The staining
intensity of the nucleus and the cytoplasm were quantified by Image J software
(n = 3). Scale bars: 40 μm. g Six pairs of sensitive and gefitinib-resistant NSCLC
tissues were collected and detected for PFTK1 expression by qRT-PCR assays
(n = 3). h The PFTK1 expression levels were measured in another cohort of 67 cases
of NSCLC tissues with gefitinib treatment via IHC assays. Based on PFTK1
expression, the patients were divided into two groups. Kaplan–Meier analysis was
performed to evaluate the relationship between PFTK1 expression and the PFS of
these patients. **p < 0.01.
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CpG island via the online software CpG finder. It is suggested that there
was a CpG island (1449-2040 nt) in the promoter of PFTK1 (Supple-
ment Fig. 3a). Subsequently, we assessed the relationship between the
methylation level and mRNA expression level of PFTK1 in LUAD via
the online databank cBioPortal. As shown in Supplement Fig. 3b, the
PFTK1 expression level was negatively related to its promoter

methylation in 370 cases of LUAD from TCGA data (r =−0.20,
P = 3.34e-7). Then, the MethSurv databank noted that the higher the
methylation level of PFTK1 was, the better the patients’ prognosis was
(Supplement Fig. 3c). Therefore, we aimed to validate whether the
upregulation of PFTK1 was accompanied by the reductions in DNA
methylation levels during gefitinib treatment.
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Briefly, we designed 5 sets of MSP primers by online software Meth-
Primer based on the 2500 bp promoter sequence (Supplement Fig. 3d). As a
result, only primers of set 5 could amplify inMSP assays, we used this set of
primers in the following study. We observed that the unmethylation status
of the PFTK1 promoter was found inHCC827/GR and PC9/GR cells, while
the methylation status of the PFTK1 promoter was exhibited in HCC827
andPC9 cells (Fig. 4a). Furthermore,we explored themethylationpatternof
PFTK1 promoter from six patients with EGFR-mutant NSCLC, who
underwent gefitinib treatment. The MSP results revealed that the PFTK1
promoter was unmethylated in all NSCLC tissues after gefitinib treatment,
and the methylation status was present in these tissues before gefitinib
treatment (Fig. 4b). DNAmethyltransferases (DNMTs) could suppress the
expression of target genes via hypermethylation of the CpG islands in the
promoter regions20. Indeed, we used 5-Azacytosine (5-Aza, a typical
DNMTs inhibitor) to treat NSCLC cells that contain methylation status of
PFTK1 promoter. As expected, PFTK1 was enhanced by 5-Aza in a dose-
dependent manner (Fig. 4c). Currently, the human genome encodes five
DNMTs: DNMT1, DNMT2, DNMT3A, DNMT3B, and DNMT3L21. We
performed qRT-PCR assays and found that only DNMT3B but no other
DNMTs were repressed in gefitinib-resistant cell lines HCC827/GR and
PC9/GR (Fig. 4d). Certainly, similar results were obtained via WB assays
(Fig. 4e).A significantlynegative expression relationshipbetweenDNMT3B
and PFTK1 were disclosed by online databank TIMER (Supplement
Fig. 3e). Subsequently, we restored DNMT3B inHCC827/GR and PC9/GR
cells, and knocked downDNMT3Bwith shRNAs inHCC827 and PC9 cells
(Supplement Fig. 3f). Both qRT-PCR and WB assays demonstrated that
restored overexpression of DNMT3B obviously repressed PFTK1, while
knocked down DNMT3B did the opposite (Fig. 4f, g). Moreover, a ChIP
assay was performed to investigate the recruitment of DNMT3B to the
promoter region of PFTK1. Increased occupancy of DNMT3B in the CpG
region of PFTK1 was observed in parental cells by ChIP assay, which could
be abolished in gefitinib-resistant cells (Fig. 4h).Moreover, we observed that
DNMT3B was evidently repressed in NSCLC tissues with gefitinib resis-
tance, compared to that ofNSCLCtissueswith gefitinib sensitive (Fig. 4i).As
showed in Fig. 4i, DNMT3B was negatively related with PFTK1 in these
NSCLC tissues with gefitinib treatment (r =−0.3792, p = 0.0016). Ulti-
mately, we proposed that gefitinib could significantly suppress DNMT3B,
and DNMT3B-regulated PFTK1 via enhancing methylation level of its
promoter.

Pharmacological inhibition of PFTK1 reversed the gefitinib
resistance in NSCLC
To explore the potential of PFTK1 as a therapeutic target in NSCLC, we
focusedonFMF-04-159-2 (FMF), a specific covalent inhibitor of PFTK1.As
shown in Fig. 5a, we observed the binding site of FMF on PFTK1 via MOE
software. qRT-PCR and WB assays suggested that FMF neither regulated
the mRNA nor the protein expression level of PFTK1 (Fig. 5b). The colony
formation assays showed that FMF effectively inhibited the proliferation of
cells with gefitinib treatment (Fig. 5c). The similar results were obtained by
cell viability assay (Fig. 5d). In addition, it is indicated that the cell apoptosis
was significantly increased in the presence of FMF by flow cytometry assays
(Fig. 5e). WB analysis evaluated that FMF could remarkably suppress the
phosphorylation of LRP6 and the total β-catenin (Fig. 5f). Meanwhile, we

conducted the dual-luciferase reporter gene assays and found that the
luciferase activity of TOPFlash but not FOPFlash were mainly reduced in
FMF group, comparing with that in the control group (Fig. 5g). Next, we
tested the effect of FMF on gefitinib resistance in vivo by subcutaneously
injected cells into BALB/c nude mice. The results validated that FMF could
manifestly inhibit tumor growth with gefitinib treatment (Fig. 5h). Toge-
ther, all these results confirmed that FMF targeting PFTK1 evidently atte-
nuated the Wnt/β-catenin signaling to enhance the sensitivity of NSCLC
cells to gefitinib.

Discussion
In our country, gefitinib is the most common drug in NSCLC with EGFR-
mutant. Understanding and discovering the mechanisms of gefitinib
resistance is critical for improving the therapeutic efficacy and survival rate
of patientswithNSCLC.As shown inFig. 5i,we highlighted that PFTK1was
associated with gefitinib resistance. We observed that PFTK1 was sig-
nificantly upregulated by decreasing DNMT3B in gefitinib-resistant
NSCLC cells and clinical samples. Mechanistically, PFTK1 interacting
with LRP6 accelerated the activity of Wnt/β-catenin signaling to confer
gefitinib resistance. In addition, pharmacological inhibition of PFTK1 by
FMFmanifestly enhanced the sensitivity of NSCLC cells to gefitinib in vitro
and in vivo. Therefore, PFTK1 might be given as a potential therapeutic
strategy for overcoming resistance to gefitinib in NSCLC.

The past few years have seen an increase in studies that assess the
functional role of PFTK1 in cancers. It is reported that PFTK1 was aber-
rantly expressed in several cancers and played an important role in cancer
progression22,23. The expression level of PFTK1 was positively correlated
with the poor prognosis of patients17. Recently, PFTK1 has been found to be
associated with chemotherapy resistance16. Here, we found that PFTK1was
significantly increased in gefitinib-resistant NSCLC cells and clinical sam-
ples. And, we observed that the high expression of PFTK1 was correlated
with PFS and gefitinib resistance in EGFR-mutant NSCLC patients.
Functional investigations revealed that knocking down PFTK1 resensitized
resistant NSCLC cells to gefitinib in vitro and in vivo. Consistently, FMF (a
specific PFTK1 inhibitor) treatment significantly overcame gefitinib resis-
tance and showed an obvious effect on the inhibition of gefitinib-resistant
NSCLC cells. These data suggested that targeting PFTK1 can be a novel
strategy to overcome gefitinib resistance in lung cancer.

Increasing studies have demonstrated that Wnt/β-catenin signaling
pathway played an important role in EGFR-TKI resistance24. It is reported
that inhibition of β-catenin enhances the anticancer effect of irreversible
EGFR-TKI in EGFR-mutant NSCLCs25. Notably, knockdown of β-catenin
decreased the expression of SOX2 and reduced the stemness of CSC
properties and osimertinib resistance in NSCLC26. Combining the results of
proteomics analysis and transcriptome sequence in gefitinib-resistant and
parental cells, we proposed Wnt/β-catenin signaling as a potential down-
stream factor contributing to the effects of PFTK1. As discovered, CDK14/
cyclin Y could phosphorylate LRP5/6 to constitutively activate Wnt/β-
cantenin signaling during mitosis15,27. Consistent with this, we performed
CO-IP and WB assays together with TOPFlash/FOPFlash reporter assays
and revealed that PFTK1 interactedwith LRP6 to trigger theWnt/β-catenin
signaling and confer gefitinib resistance inNSCLC. Similarly, a recent study
reported that CDK14 was found to be elevated in triple-negative breast

Fig. 2 | Effects of PFTK1 involved in gefitinib resistance ofNSCLC. aHCC827 and
PC9 cells were stably transfected with PFTK1 overexpression plasmid, b HCC827/
GR andPC9/GR cells were transfectedwith shRNAs targeting PFTK1. a, b qRT-PCR
and western blot analysis were conducted to measure the expression of PFTK1 in
mentioned cells. Also, the densitometric analysis for the expression of PFTK1 was
conducted in mentioned cells (n = 3). **p < 0.01. c, d Above cells were treated with
gefitinib at the indicated concentration for 72 h, cell viability was evaluated by MTS
assay (n = 3). **p < 0.01. e Cells (HCC827 and PC9 cells with restored PFTK1 and
control group, HCC827/GR and PC9/GR cells with knocking down PFTK1 and
control group) were seeded into a six-well plate, followed by 0.5 μM gefitinib
treatment. Then, the cell clone numbers were estimated in each group (n = 3).

**p < 0.01. f Cells were treated with 5 μM gefitinib for 72 h, and then the cell
apoptosis was analyzed by flow cytometry (n = 3). **p < 0.01. g The workflow was
showed. Tumor cells were cultured and subcutaneously inoculated into recipient
nude mice. When the tumor volume was ~100 mm3, the mice were treated with
gefitinib at a dose of 30 mg kg−1, daily for 20 days. The elements of this image were
created from icofont website (https://www.iconfont.cn). h HCC827/Luc cells with
restored PFTK1 and vector, HCC827/GR/Luc cells with shRNA targeting PFTK1
and control, were subcutaneously injected into BALB/c nude mice to establish a
xenograft tumor model. These mice were treated with gefitinib. Luciferase activity
was imaged and measured by In Vivo Xtreme from Bruker (n = 3). “gefitinib” was
abbreviated as “Gef”. **p < 0.01.
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cancer (TNBC).CDK14 knockdownor pharmacological inhibition by FMF
suppressed the progression andmetastasis of TNBC via attenuatingWnt/β-
catenin signaling28.

Aberrant DNA methylation is one of the most important epigenetic
alterations in eukaryotic genomes29. The majority of methylationmarks are
present at 5mC and are often presented in CpG island30. For the first time,
we predicted that there was a CpG island in the PFTK1 promoter by

bioinformatics analysis. MSP assays combining with ChIP assays and sev-
eral other experiments verified that PFTK1 was regulated by DNMT3B
throughmodulating themethylation status of PFTK1promoter. DNMT3B,
a famousDNMTs, functions in the transcriptional repressionofmany target
genes31,32. As revealed, DNMT3B altered multiple pathways including
STAT3, NFκB, PI3K/Akt, β-catenin, and Notch signaling, which were cri-
tical for cancer cell survival, apoptosis, proliferation, invasion, and
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colonization33. Besides, several studies disclosed the regulation pattern of
PFTK1 in cancers. It was suggested that hsa_circ_102229 directly targeted
miR-152-3p as a ceRNA to regulate PFTK134. Coincidentally, HIF-1α
regulated the expression of LINC01355 (Hypoxia Yield Proliferation
Associated LncRNA, HYPAL) in GC cells and tissues. HYPAL served as a
ceRNA of miR-431-5p to regulate CDK14 expression35. Through micro-
array analyses and other experiments, androgen receptor (AR) was identi-
fied as a candidate of dual-specificity tyrosine-regulated kinase 2 (DYRK2)-
dependent transcription factors regulating CDK14 to promote cancer cell
proliferation and invasion in vitro and in vivo36.

To date, this study revealed a novel expression regulation of PFTK1
and elucidated a critical role of the PFTK1/β-catenin axis in patients with
EGFR-mutant NSCLC with resistance to gefitinib. Based on this important
finding, we suggest that targeting PFTK1might serve as an effective strategy
for overcoming acquired resistance to gefitinib in lung cancer.

Methods
Reagents, antibodies, and plasmids
gefitinib and adavivint (Ada, SM04690) were obtained from Selleck
(Shanghai, China). FMF-04-159-2 (FMF, a PFTK1 inhibitor) and
5-Azacytidine (5-Aza) were obtained fromMedChemExpress (New Jersey,
USA). SYBR and iBright™ Prestained Protein Ladder were bought from
Thermo Scientific (Waltham MA, USA). PFTK1 antibodies (ab224098,
1:50) and (21612-1-AP, 1:1000) were obtained from Abcam (Cambridge,
UK) and Proteintech (Wuhan, China), respectively. Primary antibodies
against β-actin (#3700, 1:8000), β-catenin (#8480, 1:1000), DNMT3B
(#57868, 1:2000), p-LRP6 (#2568, 1:500), LRP6 (#3395, 1:500), and normal
IgG (#2729, 1:500) were purchased from Cell signaling Technology
(Boston, USA).

TOPFlash and FOPFlash plasmids were bought fromAddgene (Mass,
USA). Overexpression plasmids (PFTK1, DNMT3B, Luciferase), and
shRNA knockdown plasmids targeting PFTK1 were bought from Gene-
chem (Shanghai, China).

Cell culture
The human NSCLC cell lines HCC827 (RRID: CVCL_2063) and PC9
(RRID: CVCL_B260) with EGFR-activatingmutation (deletion in exon 19)
were bought from ATCC (Manassas, VA, USA). HCC827 and PC9 cells
were treated with increasing concentrations (ranging from 0.1 to 5 μM) of
gefitinib for 1 year to establish resistant cell linesHCC827/GR and PC9/GR.
These cells were routinely cultured at 37 °C in a humidified incubator (5%
CO2) in RPMI-1640 medium (Gibco, Carlsbad, CA, USA) containing 10%
fetal bovine serum (Invitrogen, Carlsbad, CA, USA). The short tandem
repeat (STR) analysis was carried out to authenticate cells in the last three
years by our lab. All cell lines were negative formycoplasma contamination.

Briefly, HCC827 and HCC827/GR cells were transfected with Luci-
ferase overexpression plasmids. G418was used to generate Luciferase stable
expression cells (namedHCC827/Luc andHCC827/GR/Luc). Then, vector
and PFTK1 overexpression plasmids were transfected into HCC827/Luc
and PC9 cells, respectively. ShRNAs targeting PFTK1 and control plasmids
were transfected into HCC827/GR/Luc and PC9/GR cells, respectively.

Clinical analysis
The study was approved by Guangzhou Institute of Cancer Research, the
Affiliated Cancer Hospital, Guangzhou Medical University. All ethical
regulations relevant to human research participants were followed. Six pairs
of NSCLC tissues were collected before and after gefitinib therapy. The
nineteen cases of NSCLC tissues with gefitinib resistance and forty-eight
cases of NSCLC tissues with gefitinib sensitivity were contained in this
cohort. All samples were collected with informed consent from the patients
at the Guangzhou Institute of Cancer Research, the Affiliated Cancer
Hospital, Guangzhou Medical University. Two pathologists independently
identified the samples. The survival time of individuals with NSCLC was
evaluated from the diagnosis date to the date of the last follow-up or death.

Tumor xenograft model and bioluminescence imaging
The animal studies were approved by the Institutional Animal Care and Use
Committee (IACUC) of Guangzhou Medical University. Standard animal
care and laboratory guidelines were followed according to the IACUC pro-
tocol. We have complied with all relevant ethical regulations for animal use.
Mice were housed in individually ventilated cages under standard room
temperature (22 °C) and humidity (55%) and a 12/12 light/dark cycle. A total
of 5 × 105 target cells were subcutaneously injected into Balb/C athymic nude
mice (4weeks, female, 18–22 g) fromGuangdongMedicalLaboratoryAnimal
Center (Guangzhou, China) to generate xenograft tumors. Tumor volumes
wereassessedevery4daysbymeasuring the externally apparent tumors in two
dimensions with calipers. The volume of the tumors was calculated using the
formula: V= 2−1 LW2. When tumor size reached 100mm3, the mice were
treatedwithgefitinib (30mg kg−1, daily for 20days) orFMF(40mg kg−1, daily
for 20 days) by oral gavage. IACUC stipulated that the tumor volume can’t
exceed 2000mm3, and in none of the experiments were these limits exceeded.
At the end of the experiment, mice were sacrificed with carbon dioxide. The
tumors were collected, fixed, and embedded in paraffin. For imaging lucifer-
ase, we used In Vivo Xtreme from Bruker. Ten minutes before imaging, the
mice were injected i.p. with 150mg kg−1 D-luciferin (GoldBio).

RNA isolation and qRT-PCR
Total RNAwas isolated from cells by an RNAextractionKit (Omega, USA)
according to the manufacturer’s instructions. First-strand cDNA was syn-
thesized with a RevertAid First-Strand cDNA Synthesis Kit (Thermo Sci-
entific). qRT-PCR assays were performed on a CFX96 Real-Time PCR
System (Bio-Rad iQ5 program) using PowerUp SYBR Green Master Mix
(Thermo Fisher). GAPDH was used as an internal control. The relative
levels of gene expression were calculated by the 2−ΔΔCt method. Primer
sequences were provided in Supplementary Table 1. All assays were con-
ducted at least three times.

Bisulfite modification and MSP chain reaction
Genomic DNA was extracted from cells and fresh tissue samples by Tissue
DNAKit (Omega, #D3396). An EpiTect Bisulfite Kit (Qiagen, #59104) was
applied to conduct the bisulfitemodification of genomicDNA following the
manufacturer’s instructions. MSP primers were designed by the online
software MethPrimer and synthesized (BGI, Beijing, China) to detect

Fig. 3 | PFTK1 enhanced Wnt/β-catenin signaling to modulate gefitinib resis-
tance in NSCLC. a The proteomics analysis was carried out fromHCC827/Vec and
HCC827/PFTK1 cells. The scatter plot showed the log2 fold-change of the proteome
dataset. Red dots represented significantly upregulated proteins, while green dots
represented significantly downregulated proteins. b The subcellular localization of
the above proteins was exhibited. c Through GO analysis, we displayed the differ-
ently expressed proteins in Wnt/β-catenin signaling. d In HCC827 and PC9 cells
with increasing PFTK1, HCC827/GR and PC9/GR cells with PFTK1 knockdown,
the protein levels of p-LRP6 and β-catenin were determined (n = 3). **p < 0.01. e IF
assays were performed to measure the distribution of β-catenin. Scale bars: 40 μm.
fPFTK1-flag overexpression plasmidwas transfected intoHCC827 cells, and CO-IP
assays were accomplished. Since p-LRP6 and LRP6 were almost the same molecular
weight, p-LRP6 was shown in a different gel. g TOPFlash and FOPFlash plasmids

were transfected into HCC827 and PC9 cells with overexpression PFTK1, respec-
tively. Ada (Adavivint), an effective classical Wnt signaling pathway inhibitor, was
used in the PFTK1 group. Luciferase activity was detected inmentioned cells (n = 3).
**p < 0.01. h HCC827 and PC9 cells with restored PFTK1 and control group,
together with Ada treatment group were all applied to gefitinib at the indicated
concentration for 72 h, and the cell viability of each group was evaluated by MTS
assays (n = 3). **p < 0.01. i The workflow was shown. The elements of this image
were created from icofont website (https://www.iconfont.cn). HCC827/Luc with
PFTK1 and control cells were subcutaneously injected into BALB/c nude mice to
establish a xenograft tumor model. In addition, half of the HCC827/PFTK1/Luc
group was treated with Ada. All the animals were treated with gefitinib. Luciferase
activity was imaged and measured by In Vivo Xtreme from Bruker
(n = 2). **p < 0.01.
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unmethylated (U) andmethylated (M) alleles. TheMSP primers were listed
in SupplementaryTable 1. The expected sizesofUandMproductswere 136
and 132 bp, respectively.

Western blot
Whole-cell lysates were prepared in RIPA buffer (Thermo Scientific) in the
presence of Halt Protease and Phosphatase Inhibitor Cocktail (Pierce

Chemical,Dallas, Texas,USA). Protein concentrationwasmeasuredusing a
BCA Protein Assay Kit (Thermo Scientific). Thirty micrograms of lysates
were resolved by SDS–polyacrylamide gel electrophoresis and then trans-
ferred to PVDF membranes (Millipore, Burlington Mass, USA). After
blocking for nonspecific binding, membranes were incubated with specific
primary antibodies overnight at 4 °C. Then, incubation with the specific
HRP-conjugated antibodywas performed. The signal was detected using an
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Fig. 4 | DNMT3B suppressed by gefitinib decreased PFTK1 in NSCLC. aMSP
assays were performed to evaluate the methylation status of the PFTK1 promoter in
gefitinib-resistant and parental cells. “Methylation” was abbreviated as “M”,
“Unmethylation” was abbreviated as “U”. b Six pairs of NSCLC tissues [before and
after gefitinib treatment, we abbreviated as sensitive (S) and resistance (R)] were
collected, and the methylation status of the PFTK1 promoter was determined by
MSP assays. c 5-Azacytidine (5-Aza), an inhibitor of DNMTs, was used to treat
HCC827 and PC9 cells for 24 h. The expression of PFTK1 was measured by qRT-
PCR assays (n = 3). **p < 0.01. d The relative expression levels of common DNMTs
in gefitinib-resistant and parental cells were evaluated by qRT-PCR assays (n = 3).

**p < 0.01. e The protein levels of DNMT3B in gefitinib-resistant and parental cells
were assessed via WB assay (n = 3). **p < 0.01. f, g DNMT3B overexpression plas-
mid and control plasmid were transfected into HCC827/GR and PC9/GR cells (f).
ShRNAs targeting DNMT3B were transfected into HCC827 and PC9 cells (g). WB
and qRT-PCR assays were carried out to estimate the expression level of PFTK1
(n = 3). **p < 0.01. h The occupancy of DNMT3B in the promoter of PFTK1 among
gefitinib-resistant and parental cells was valued via ChIP assay (n = 3). **p < 0.01.
iTheDNMT3B expression in 67 cases ofNSCLC tissues with gefitinib treatmentwas
determined by IHC assay. The relationship between DNMT3B and PFTK1 was
analyzed. Scale bars: 40 μm (**p < 0.01).
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Fig. 5 | The effect of FMF targeting PFTK1 on gefitinib resistance in NSCLC.
a The 2D and 3D view of molecular docking was showed by MOE output.
b–e HCC827/GR and PC9/GR cells were co-treated with FMF and gefitinib. The
expression levels of PFTK1 (b), the cell colony-forming ability (c), the cell viability
(d), and the cell apoptosis (e) were measured in each group (n = 3). **p < 0.01.
f, gHCC827/GR and PC9/GR cells were treated with FMF, WB assays (f) and dual-
luciferase reporter gene assays (g) were carried out tomeasure the activity ofWnt/β-
catenin signaling pathway (n = 3). **p < 0.01. h Illustration for CDX development.

The elements of this imagewere created from icofontwebsite (https://www.iconfont.
cn). HCC827/GR cells with luciferase were subcutaneously injected into nude mice.
When tumor size reached 100 mm3, FMF and gefitinib were used daily to treat these
nude mice by oral gavage for 20 days. Luciferase activity was imaged and measured
by In Vivo Xtreme from Bruker (n = 3). **p < 0.01. i A schematic diagram depicts
how PFTK1 upregulated by gefitinib actives Wnt/β-catenin signaling pathway to
promote gefitinib resistance in NSCLC. We drew it on Figdraw (https://www.
figdraw.com/).
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enhanced chemiluminescence western blot detection kit (Millipore). The
densitometric analysis of all thewestern blot assayswas conductedby Image
J software. All assays were conducted at least three times.

Apoptosis assays
Target cells were seeded in a 6-well plate overnight. Cells were harvested
after 72 h treatment with 5 μM gefitinib, incubated with Annexin V-APC
and 7-AAD for 5minutes, respectively. Furthermore, these cells were
analyzed by flow cytometer (Becton Dickinson USA). All assays were
conducted at least three times.

Cell viability assay
Cells were planted into 96-well plates and then incubated with different
concentrations of gefitinib for 72 h. CellTiter 96 AqueousOne SolutionCell
Proliferation Assay (Promega, Madison, WI, USA) was used to test cell
viability, following the manufacturer’s instructions.

Plate colony formation assay
A total of 500 target cells per well were seeded in triplicate in 6-well culture
plates. These cells were treated with 0.1 μM gefitinib and cultured to form
colonies. Twoweeks later, these cells werefixedwithmethanol and followed
by stainingwith 0.5%crystal violet. Finally, the platewas photographed, and
the number of clones was calculated. All assays were conducted at least
three times.

Co-immunoprecipitation (CO-IP) assay
Briefly, cells were lysed by RIPA buffer, and sonicated to get total proteins.
Next, these proteins were incubatedwith anti-LRP6, anti-p-LRP6, and anti-
IgG overnight at 4 °C, respectively. Then, these complexes were incubated
with precleared protein AG-agarose beads (Millipore) for 2 h at room
temperature. The reaction products were washed with lysis buffer three
times and were subjected to western blot analysis for the potential proteins.

Chromatin immunoprecipitation (ChIP) assay
We performed ChIP assays with an EZ-ChIPTM chromatin immunopreci-
pitation kit (Millipore). At first, cells were cross-linked with 1% for-
maldehyde followed by glycine. Next, cells were lysed with lysis buffer
containing Protease Inhibitor Cocktail II and sonicated on ice. 10% of the
supernatant was saved as the input fraction. Then, the rest was used for
immunoprecipitation with 5 µg of anti-DNMT3B antibody and anti-rabbit
IgG, respectively. Finally, DNA was purified and quantified by qRT-PCR
assay. IgG was included as a nonspecific control. The primers for ChIP-
qPCR were shown in Supplementary Table 1.

Dual-luciferase report gene assay
Cells were seeded in 96-well plates at a density of 1 × 104 cells per well
overnight. 3 ng Renilla luciferase reporter vectors and 30 ng luciferase
reporter vectors (TOPFlash and FOPFlash plasmids, respectively) were co-
transfected into the cells via Lipofectamine 3000 (Invitrogen). After 48 h, a
dual-luciferase reporter assay system (Promega) was used to evaluate the
luciferase activity. The firefly luciferase values were normalized to the
Renilla luciferase values.

IF assay
Generally, cells were seeded onto the coverslips in a six-well plate overnight.
The next day, cells on the coverslips were fixed with 4% paraformaldehyde,
and permeabilized by 0.1% Triton X-100. Then, cells were incubated with
the primary antibody for 1 h, followed by the secondary antibody. Finally,
these cells were incubated with DAPI to stain the nucleus. Images were
acquired on a confocalmicroscope (Zeiss, Germany). The staining intensity
of the nucleus and cytoplasm was calculated by Imagine J software.

IHC assay
The tissues were fixed by formalin, embedded via paraffin, followed by
xylene andgrade ethanol. Further, the slideswere immersed in 3%hydrogen

peroxide and incubated with primary antibodies overnight. Moreover, the
slides were incubated with horseradish peroxidase-conjugated secondary
antibodies (SantaCruzBiotechnology, sc-2357, sc-516102). Finally, after the
application of DAB chromogen, tissue sections were stained with hema-
toxylin. Images were captured with Panoramic 250 FLASH (3DHistech)
and assessed with Case Viewer software.

Bioinformatics analysis
The promoter sequence (2500 bp) of PFTK1 was downloaded from UCSC,
and potential CpG islands were predicted via CpG finder (http://www.
softberry.com/berry.phtml?topic=cpgfinder&group=programs&subgroup=
promoter). The MSP primers were designed by the online software Meth-
Primer (http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi). The
relationship between the methylation level of the PFTK1 promoter and its
mRNAexpression level inLUADwas evaluatedby cBiorPortal (https://www.
cbioportal.org/cbioportal). The online databank MethSurv (https://biit.cs.ut.
ee/methsurv/) estimated that the higher the methylation level of the PFTK1
promoter was, the better prognosis of LUAD patients was. Moreover, the
TIMER databank (https://cistrome.shinyapps.io/timer/) suggested that
DNMT3B was negatively correlated with PFTK1 in LUAD. In addition, we
also obtained the PFTK1 expression and EGFR mutation information from
the online databank CAMOIP (https://portal.gdc.cancer.gov/).

Statistical analysis
Statistical analysiswas performedby SPSS version 19.0 andGraphPadPrism
7. The results are presented as themean ± SD of three ormore experimental
repeats. A χ2 test was carried out to analyze the relationship between gene
expression levels. Survival analysis was implemented by Kaplan–Meier
analysis. A comparison of the mean between the two groups was conducted
by Student’s t test. P < 0.05 was considered statistically significant.

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

Data availability
All data generated or analyzed during this study are included in this pub-
lished article (as well as in the accompanying Supporting Information). The
data of Gene Expression Microarray analysis is available in GEO with
accession number GSE278453. The proteomics data have been deposited to
the ProteomeXchange Consortium (https://proteomecentral.
proteomexchange.org) via the iProX partner repository with the dataset
identifier PXD057124.
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