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Abstract: Osimertinib, an irreversible EGFR/HER2 inhibitor, has been found to be effective 

in the cancer cell with EGFR gene mutations in preclinical lung cancer models. However, 

the effect of osimertinib in colorectal cancer (CRC) cells is unclear. In the present study, we 

investigated how osimertinib suppresses CRC cells growth and potentiates effects of other 

chemotherapeutic drugs. We found that p73-mediated osimertinib-induced p53 upregulated 

modulator of apoptosis (PUMA) expression irrespective of p53 status following PI3K/AKT 

pathway inhibition in CRC cells. Furthermore, PUMA is required for osimertinib-induced 

apoptosis. In addition, osimertinib also synergized with 5-FU to induce significant apoptosis 

via PUMA in CRC cells. These results demonstrated a critical role of PUMA in mediating the 

anticancer effects of osimertinib and suggest that PUMA induction can be used as an indicator 

of osimertinib sensitivity.
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Introduction
Colorectal cancer (CRC) is the most common malignancy with the second largest 

incidence and mortality among all diagnosed cancers in the world.1 Right now, CRC 

accompanied with higher mortality is due to disease that is frequently diagnosed 

in the advanced stage without reliable biomarkers.2 The metastatic diseases are the 

main cause for the high mortality rates in CRC patients.3 Conventional chemotherapy 

for colorectal cancer treatment involves combinations of cytotoxic drugs such as 

5-fluorouracil (5-FU), irinotecan and oxaliplatin, and has limited efficacy and substan-

tial side effects because of lack of specificity. The use of anticancer-targeted therapy 

has significantly improved effectiveness of chemotherapy against colorectal cancer.4  

Osimertinib through oral administration is the irreversible inhibitor against tyrosine kinase, 

an ErbB family protein, which is used for treating EGFR mutation-positive non-small cell 

lung cancer.5–7 However, the effect of osimertinib in CRC is poorly understood.

p53 upregulated modulator of apoptosis (PUMA), a Bcl-2 homology 3 (BH3)-only 

Bcl-2 family member, functions as a key regulator of apoptosis in cancer cells.8,9 PUMA 

is a critical mediator of p53-dependent and -independent apoptosis in multiple tissues 

and cell types.10–13 Usually, p53 gene initiating the transcription of PUMA is mainly 

dependent on DNA damage.8 The p53-independent manner of PUMA induction by the 

stimuli is mediated by the transcription factor such as p73, E2F1, STAT1, FoxO3a, or 

NF-κB.11,13–15 In previous study, PUMA successfully induces a proapoptotic effect in 

cancer cell via antagonizing the antiapoptotic Bcl-2 family proteins (Bcl-2 and Bcl-X
L
), 

thus activating the proapoptotic signaling members (Bak and Bax), subsequently lead-

ing to mitochondrial dysfunction and activation of the caspase cascade.16,17

correspondence: Xinwei Wang
Tumor hospital of Jiangsu Province, 
Xuanwu District, Baizi Ting 42, nanjing, 
Jiangsu Province, 210009, china
email wangxinwei021@gmail.com 

Journal name: OncoTargets and Therapy
Article Designation: Original Research
Year: 2017
Volume: 10
Running head verso: Guo et al
Running head recto: PUMA mediates anticancer effects of osimertinib
DOI: 139382

O
nc

oT
ar

ge
ts

 a
nd

 T
he

ra
py

 d
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/OTT.S139382
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:wangxinwei021@gmail.com


OncoTargets and Therapy 2017:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5282

guo et al

In the present study, we found that osimertinib induced 

PUMA up-regulation through AKT/p73 pathway, and 

PUMA plays an important role in therapeutic response to 

osimertinib in CRC cell. Our results indicated that PUMA 

level is indicative of the therapeutic efficacy of osimertinib, 

and likely other targeted drugs as well.

Materials and methods
cell culture and drug treatment
The human CRC cell lines HCT15 and SW48 were obtained 

from American Type Culture Collection. Cell lines were 

maintained in Roswell Park Memorial Institute (RPMI) 

1640 culture medium with 2mM Glutamine, 10% fetal bovine 

serum, 100 units/mL penicillin, and 100 µg/mL streptomy-

cin (Thermo Fisher Scientific, Waltham, MA, USA). The 

anticancer agents and chemicals used in this study including 

osimertinib (Selleckchem, Houston, TX, USA) and 5-FU 

(Sigma-Aldrich Co., St Louis, MO, USA) were diluted with 

dimethyl sulfoxide. Constitutively active AKT was obtained 

from Addgene (Cambridge, MA, USA).18

MTs assay
HCT15 or SW48 cells were seeded in 96-well plates at a 

density of 5×103 cells per well. After incubation for 24 hours, 

cells were treated with osimertinib for additional 72 hours. 

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-

2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay was per-

formed using the MTS assay kit (Promega Corporation, 

Fitchburg, WI, USA) according to the manufacturer’s 

instructions. Luminescence was measured with a Wallac 

Victor 1420 Multilabel Counter (PerkinElmer Inc., Waltham, 

MA, USA). Each assay was conducted in triplicate and 

repeated 3 times.

real-time reverse transcription 
polymerase chain reaction (rT-Pcr)
RNA 1 µg was used to generate cDNA using SuperScript II 

reverse transcriptase kit. PCR was performed in triplicate 

using SsoFasr™ Probes Supermix (Bio-Rad Laboratories 

Inc., Hercules, CA, USA) in a final reaction volume of 10 µL 

with gene-specific primer/probe sets, and a standard thermal 

cycling procedure (33 cycles) on a Bio-Rad CFX96™ Real-

time PCR System. PUMA and β-actin levels were assessed 

using TaqMan Gene Expression Real-Time PCR assays. 

Results were expressed as the threshold cycle (Ct). The rela-

tive quantification of the target transcripts was determined by 

the comparative Ct method (ΔΔCt) according to the manu-

facturer’s protocol. The 2−ΔΔCt method was used to analyze 

the relative changes in gene expression. Control experiments 

were conducted without reverse transcription to confirm that 

the total RNA was not contaminated with genomic DNA.

Western blotting
Western blotting analysis was conducted as the previous 

study,19,20 with antibodies for cleaved-caspase 3, cleaved-

caspase 9, p-p65, Bax, p-FoxO3a, FoxO3a, cytochrome 

oxidase subunit IV (Cox IV), E2F1, HA (Cell Signaling 

Technology, Boston, MA, USA), p73, PUMA (Abcam, 

Cambridge, MA, USA), cytochrome C and β-actin (Santa 

Cruz Biotechnology, Santa Cruz, CA, USA).

apoptosis assays
Apoptosis was analyzed by nuclear staining with Hoechst 

33258 (Invitrogen). Annexin V/propidium iodide (PI) stain-

ing was performed using Annexin-Alexa 488 (Invitrogen) 

and PI staining. For cytochrome C release assay, cytosolic 

fractions were isolated by differential centrifugation, and 

probed by Western blotting for cytochrome C. Caspase 

activity was measured using the SensoLyte Homogeneous 

AMC Caspase-3/7 Assay Kit (Anaspec, Fremont, CA, USA) 

according to the manufacturer’s protocol.

shrna knockdown
For stable transfection, HCT15 cells were transfected with 

the pLKO.1-puro lentiviral vector (Addgene) expressing 

shRNA containing the p53-targeting sequence (CACCAT 

CCACTACAACTACAT), PUMA-targeting sequence 

(CCTGGAGGGTCATGTACAATCTCTT), or a vector 

containing a scrambled sequence. Lentiviral particles were 

generated by co-transfecting with lentiviral vector, pMD1.G, 

pMDLg/pRRE, and pRSV-REV (Addgene) into 293T cells. 

After lentiviral transduction, HCT15 cells were seeded in a 

96-well plate with 2 µg/mL puromycin. The protein expres-

sion of puromycin-resistant clones was then confirmed by 

Western blotting.

chromatin immunoprecipitation (chiP) 
of p73 and PUMa promoter
ChIP was performed with p73 antibody and the ChIP Assay Kit 

(Sigma-Aldrich Co.) according to the manufacturer’s instruc-

tion. The precipitated DNA fragments (PUMA promoter frag-

ment containing p73 binding site) were amplified by PCR using 

specific primers (5′-GTCGGTCTGTGTACGCATCG-3′, 
5′-CCCGCGTGACGCTACGGCCC-3′).

statistical analysis
Statistical analyses were performed using GraphPad Prism 

IV software (GraphPad Software, Inc., La Jolla, CA, USA). 
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P-values were calculated using the Student t-test and were 

considered significant if P,0.05. The means ± SD were 

displayed in the figures.

Results
Osimertinib decreases the proliferation 
and induces apoptosis in crc cells
To determine the effect of osimertinib on CRC cells, HCT15 

and SW48 cells were treated with increasing concentra-

tions of osimertinib for 72 hours, and the proliferation was 

analyzed by MTS assay. Based on the results, osimertinib 

effectively decreased the cell proliferation of these cell 

lines (Figure 1A). Next, we investigated if osimertinib 

induced apoptosis in CRC cells. In apoptotic assays, we 

found that 10 µg/mL osimertinib increased the population 

of Annexin V-positive cells in HCT15 cells (Figure 1B). Our 

findings also showed that osimertinib induced activation of 

the executioner caspases 3 and 7 in HCT15 cells (Figure 1C). 

The apoptotic response was also found to be attenuated 

upon pre-treatment with the pan-caspase inhibitor z-VAD-

fmk (Figure 1B), suggesting that the apoptotic response is 

caspase-dependent. Also, osimertinib treatment increased 

caspase 3 and 9 activation in HCT15 cells (Figure 1D). The 

above data indicate that osimertinib inhibited proliferation 

and induced apoptosis in CRC cells.

Osimertinib induces p53-independent 
PUMa induction
Next, we investigated the mechanism of osimertinib-induced 

apoptosis in CRC cells. HCT15 cells were treated with 

10 µg/mL osimertinib, and the induction of PUMA was 

examined. As shown in Figure 2A–C, treating HCT15 cells 

with osimertinib markedly up-regulated PUMA protein 

and mRNA level in a time-dependent manner. Osimertinib 

Figure 1 Osimertinib induces apoptosis in crc cells.
Notes: (A) hcT15 and sW48 cells were treated with increasing concentrations of osimertinib for 72 hours. cell proliferation was determined by MTs assay. results were 
expressed as means ± sD of three independent experiments. (B) hcT15 cells were treated with 10 µg/ml osimertinib with or without z-VaD for 24 hours. apoptosis was 
analyzed by Annexin V/PI staining followed by flow cytometry. (C) hcT15 cells were treated with 10 µg/ml osimertinib for 24 hours. caspase 3/7 activity was determined 
by fluorogenic analysis. (D) hcT15 cells were treated with 10 µg/ml osimertinib for 24 hours. cleaved caspase 3 and 9 were analyzed by Western blotting. **P,0.01; 
***P,0.001 compared with the vehicle control group.
Abbreviations: crc, colorectal cancer; MTs, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2h-tetrazolium; Pi, propidium iodide.
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also induced PUMA mRNA expression in p53-Knockdown 

(p53-KD) HCT15 cells (Figure 2A). It is suggested that osim-

ertinib induced PUMA expression via a p53-independent 

manner. Furthermore, osimertinib also induced PUMA 

expression in SW48 cells (Figure 2D). However, osimertinib 

treatment did not up-regulate other proapoptotic Bcl-2 fam-

ily members, including Bax, Bid and Bim, but reduced the 

expression of the antiapoptotic proteins Mcl-1 (Figure 2E). 

These results suggest that PUMA is selectively induced by 

osimertinib regardless of p53 status and may mediate its 

anticancer effects.

PUMa mediates osimertinib-induced 
apoptosis
Next, we investigated whether PUMA is required for 

osimertinib-induced apoptosis. Apoptosis induced by osim-

ertinib was significantly reduced in PUMA stable knockdown 

(PUMA-KD) HCT15 cells (Figure 3A). Annexin V/PI staining 

β

β

β

β

β

Figure 2 Osimertinib induces p53-independent PUMa induction in crc cells.
Notes: (A) Parental and p53-KD HCT15 cells were treated with osimertinib at indicated time point. p53 knockdown was confirmed by Western blotting (left). PUMA mRNA 
induction by osimertinib was analyzed by rT-Pcr, with β-actin as a control (right). (B) hcT15 cells were treated with 10 µg/ml osimertinib at indicated time point. Total rna 
was extracted, and PUMa mrna expression was analyzed by semiquantitive rT-Pcr. β-actin was used as a control. (C) hcT15 cells treated with 10 µg/ml osimertinib at 
indicated time point. PUMa protein levels were analyzed by Western blotting. (D) sW48 cells treated with 10 µg/ml osimertinib at indicated time point. PUMa protein levels 
were analyzed by Western blotting. (E) hcT15 cells treated with 10 µg/ml osimertinib at indicated time point. indicated protein levels were analyzed by Western blotting.
Abbreviations: crc, colorectal cancer; p53-KD, p53-Knockdown; PUMa, p53 upregulated modulator of apoptosis; rT-Pcr, reverse transcription polymerase chain 
reaction.
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confirmed the reduction of osimertinib-induced apoptosis in 

PUMA-KD HCT15 cells (Figure 3B). Furthermore, our find-

ings showed that osimertinib-induced caspases 3/7 activation 

was blocked in PUMA-KD HCT15 cells (Figure 3C). PUMA 

deficiency also blocked osimertinib-induced mitochondrial 

events, including activation of caspases 3, and 9 (Figure 3D) 

and cytochrome C release (Figure 3E). Our results suggest 

that PUMA is necessary for the anticancer effects of osim-

ertinib in CRC cells.

p73 is required for osimertinib-induced 
PUMa expression
Next, we analyzed the mechanisms of osimertinib-induced 

PUMA expression in CRC cells. Several transcription factors 

β

µ

µ µ

β

β

Figure 3 PUMa mediates the anticancer effects of osimertinib through the mitochondrial apoptotic signaling.
Notes: (A) Parental, p53-KD and PUMA-KD HCT15 cells were treated with osimertinib at indicated concentration for 24 hours. PUMA knockdown was confirmed by 
Western blotting (left). apoptosis was analyzed by a nuclear fragmentation assay (right). (B) Parental and PUMA-KD cells treated with osimertinib at indicated concentration 
for 24 hours. Apoptosis was analyzed by Annexin V/PI staining followed by flow cytometry. (C) Parental and PUMA-KD hcT15 cells were treated with osimertinib, and 
caspase 3/7 activity was determined by fluorogenic analysis. (D) Parental and PUMA-KD cells were treated with 10 µg/ml osimertinib for 24 hours. cleaved caspase 3 and 
9 were analyzed by Western blotting. (E) The cytoplasm and mitochondria were fractionated from parental and PUMA-KD hcT15 cells treated with 10 µg/ml osimertinib 
for 24 hours. The distribution of cytochrome C was analyzed by Western blotting. β-actin and cytochrome oxidase subunit iV (cox iV) were analyzed as the control for 
loading and fractionation. results in (A), (B) and (C) were expressed as means ± sD of 3 independent experiments. **P,0.01.
Abbreviations: cOX, cytochrome oxidase; p53-KD, p53-Knockdown; PUMa, p53 upregulated modulator of apoptosis; PUMA-KD, p53 upregulated modulator of apoptosis-
Knockdown; Pi, propidium iodide.
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that can mediate PUMA induction in p53-independent 

manner were examined to further delineate the mechanism of 

PUMA induction. FoxO3a is not involved due to unchanged 

phosphorylation/activation following osimertinib treatment 

(Figure 4A). E2F1 and p65 were also ruled out due to lack of 

induction (Figure 4A). We found that osimertinib treatment 

induced p73 up-regulation in a time- and dose-dependent 

manner in HCT15 cells (Figure 4A and B). Knockdown of 

p73 by siRNA abrogated PUMA induction by osimertinib 

in HCT15 cells (Figure 4C). To determine whether p73 can 

directly activate PUMA transcription, p73 was found to be 

recruited to the genomic region containing the p73 binding 

sites following osimertinib treatment by ChIP (Figure 4D). 

These results indicate that p73 directly binds to PUMA pro-

moter region to drive its transcriptional activation in response 

to osimertinib treatment.

Pi3K/aKT signaling is necessary for p73 
induction after osimertinib treatment
The PI3K/AKT pathway promotes cell survival, and is a 

downstream effector of EGFR signaling pathway.21 Next, 

we investigated the effects of osimertinib on the PI3K/AKT 

signaling in relation to PUMA and p73. We found that 

osimertinib treatment strongly suppressed phosphorylation 

of AKT (Ser473) (Figure 5A). Exogenous expression of 

active AKT suppressed PUMA and p73 induction following 

osimertinib treatment (Figure 4B). These results suggest that 

PI3K/AKT pathway mediates PUMA expression through 

p73 by osimertinib.

PUMa mediates the chemosensitization 
effects of osimertinib
Osimertinib has been used in combination with other che-

motherapeutic agents in clinical studies.22,23 We reasoned 

that PUMA induction may mediate the chemosensitization 

effects of osimertinib, due to concurrent PUMA induction 

by osimertinib and other agents through different pathways. 

We found that osimertinib combined with 5-FU induced 

higher levels of PUMA, compared with single agent alone 

treatment (Figure 6A). Accordingly, the combination 

treatment induced higher level of apoptosis and caspase 

3 activation in HCT15 cells. However, the combination 

induced apoptosis and caspase 3 activation were abolished in 

PUMA-KD HCT15 cells ( Figure 6A and B). These findings 

β

β

β

Figure 4 p73 mediates osimertinib-induced PUMa induction.
Notes: (A) hcT15 cells were treated with 10 µg/ml osimertinib at indicated time point. p73, p-p65, e2F1, p-FoxO3a and FoxO3a expression was analyzed by Western 
blotting. (B) hcT15 cells were treated with 10 µg/ml osimertinib at indicated time point. p73 expression was analyzed by Western blotting. (C) hcT15 cells were 
transfected with either a control-scrambled sirna or a p73 sirna for 24 hours, and then treated with 10 µg/ml osimertinib for 24 hours. p73 and PUMa expression was 
analyzed by Western blotting. (D) chiP was performed using anti-p73 antibody on hcT15 cells following osimertinib treatment for 8 hours. chiP with the control igg was 
used as a control. Pcr was carried out using primers surrounding the p73 binding sites in the PUMa promoter.
Abbreviations: chiP, chromatin immunoprecipitation; Pcr, polymerase chain reaction; PUMa, p53 upregulated modulator of apoptosis.

β

β

Figure 5 PUMa induction by osimertinib is mediated through aKT inactivation.
Notes: (A) hcT15 cells were treated with osimertinib for 24 hours. Total aKT 
and phospho-aKT were analyzed by Western blotting. (B) hcT15 cells were trans-
fected with active-aKT plasmid for 6 hours, and then treated with 10 µg/ml 
osimertinib for 24 hours. PUMa, p73 and ha (aKT) were analyzed by Western 
blotting.
Abbreviation: PUMa, p53 upregulated modulator of apoptosis.
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β

Figure 6 Osimertinib synergizes with 5-FU to induce cell apoptosis via PUMa.
Notes: (A) hcT15 cells were treated with 5 µg/ml osimertinib, 20 mg/l 5-FU, or the combination for 24 hours. PUMa and cleaved-caspase 3 were analyzed by Western 
blotting. (B) Parental and PUMA-KD hcT15 cells were treated with 5 µg/ml osimertinib, 20 mg/l 5-FU, or the combination for 24 hours. apoptosis was analyzed by a nuclear 
fragmentation assay. results in (B) were expressed as means ± sD of 3 independent experiments. **P,0.01.
Abbreviations: 5-FU, 5-fluorouracil; PUMA, p53 upregulated modulator of apoptosis; PUMA-KD, p53 upregulated modulator of apoptosis-Knockdown.

indicate that PUMA mediates the chemosensitization effects 

of osimertinib.

Discussion
Osimertinib is a third generation of tyrosine kinase inhibi-

tor that irreversibly inhibits ErbB family tyrosine kinase 

receptors.24 Some preclinical data suggested that the lung 

squamous cell carcinoma pathobiology has a strong depen-

dency from the ErbB family pathway. In this study, we 

investigated the effect of osimertinib on CRC cells. Our 

results demonstrated for the first time that the therapeutic 

effect of osimertinib is at least in part mediated by the cell 

autonomous process of apoptosis induction, progressing from 

AKT inhibition, p73 induction leading to PUMA induction 

and activates mitochondria-dependent apoptosis. In addition 

to PUMA induction, depletion of Mcl-1 is an early event 

following osimertinib treatment, and may also contribute to 

anticancer action.

PUMA-mediated apoptotic event can be activated by 

oncogene and serves as a protective mechanism against 

the oncogenic signaling pathways. Our results showed that 

PUMA can be induced following AKT inhibition in response 

to osimertinib treatment and contributes to apoptosis initia-

tion in CRC cells through the mitochondrial pathway. PUMA 

induction plays a key role in the proapoptotic effect of much 

chemotherapy, and is likely to be a useful indicator of chemo-

sensitivity. Increased PUMA expression was associated with 

better prognosis in patients receiving 5-FU-based therapy 

in stage II and III colorectal cancer.25 Furthermore, a recent 

study demonstrated that response of isolated mitochondria 

from tumor cells to PUMA BH3 peptide correlates with che-

motherapy response in patients with cancer.26 The results of 

the current study suggest that expression of PUMA can be a 

useful indicator for predicting response of colon cancer cells 

to osimertinib. In addition to PUMA induction, other Bcl-2 

family members are also modulated following osimertinib 

treatment and contribute to apoptosis induction. Although 

it is hard to get biopsies from colorectal tumors treated with 

chemotherapy after surgery, it could be possible to detect 

PUMA induction using non-invasive approaches, such as 

analysis of circulating tumor cells.

In conclusion, this study demonstrates the inhibitory 

effect of osimertinib against tumorigenesis of human CRC 

cell regardless of p53 status. The subsequent experiments 

demonstrated that osimertinib significantly increased the 

cleavage of caspase 3 and 9 in HCT15 cells. Our results 

indicated that suppression of AKT and p73 induction may 

be responsible for osimertinib-induced PUMA expression. 

PUMA induction might be a useful biomarker for clinical 

trials testing osimertinib, and can have important implications 

for the future development and application.
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