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Smoking induces WEE1 expression to promote
docetaxel resistance in esophageal
adenocarcinoma
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Esophageal adenocarcinoma (EAC) patients have poor clinical
outcomes, with an overall 5-year survival rate of 20%. Smoking
is a significant risk factor for EAC. The role of WEE1, a nuclear
kinase that negatively regulates the cell cycle in normal condi-
tions, in EAC tumorigenesis and drug resistance is not fully un-
derstood. Immunohistochemistry staining shows significant
WEE1 overexpression in human EAC tissues. Nicotine, nico-
tine-derived nitrosamine ketone, or 2% cigarette smoke extract
treatment induces WEE1 protein expression in EAC, detected
by western blot and immunofluorescence staining. qRT-PCR
and reporter assay indicates that smoking induces WEE1
expression through miR-195-5p downregulation in EAC.
ATP-Glo cell viability and clonogenic assay confirmed that
WEE1 inhibition sensitizes EAC cells to docetaxel treatment
in vitro. A TE-10 smoking machine with EAC patient-derived
xenograft mouse model demonstrated that smoking induces
WEE1 protein expression and resistance to docetaxel in vivo.
MK-1775 and docetaxel combined treatment improves EAC
patient-derived xenograft mouse survival in vivo. Our findings
demonstrate, for the first time, that smoking-induced WEE1
overexpression through miRNA dysregulation in EAC plays
an essential role in EAC drug resistance. WEE1 inhibition is
a promising therapeutic method to overcome drug resistance
and target treatment refractory cancer cells.

INTRODUCTION
Esophageal cancer is the eighth most diagnosed cancer and is the
cause of the sixth highest number of cancer-related deaths world-
wide.1 Globally, more than 604,000 new cases and more than
544,000 deaths were estimated from esophageal cancer in 2020.2

Over the past four decades, a sharp increase in esophageal adenocar-
cinoma (EAC) has been reported in the United States and Western
countries.3 The estimated number of new cases in 2022 is over
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20,000, and the estimated deaths are over 16,000 in the United States.4

The current seven standard types of esophageal cancer treatment
include surgery, radiation therapy, chemotherapy, chemoradiation
therapy, laser therapy, electrocoagulation, and immunotherapy.5

EAC is poorly responsive to treatment and has an unfavorable
outcome, with an estimated 5-year survival rate of around 20% in
the United States.4 Identification of new treatment approaches is ur-
gently needed for this deadly disease.

According to the American Cancer Society, tobacco products,
including cigarettes, cigars, pipes, and chewing tobacco, are a major
risk factor for esophageal cancer.6 A recent study from Cook et al.
used data from 12 studies in Barrett’s esophagus (BE) and esophageal
adenocarcinoma (EAC) consortium (BEACON), containing 4,214
cases of EAC and 13,750 control subjects. In the pooled analyses of
ever-cigarette smoking, the study reported statistically significant as-
sociations between EAC and esophagogastric junctional adenocarci-
noma.7 Another study used primary data from 10 population-based
case-control studies.8 Two cohort studies from the BEACON showed
that current tobacco smoking was significantly associated with an
increased risk of progression compared with never smoking. More-
over, their findings also indicated that tobacco smoking is the most
potent risk factor for progression from BE to EAC.8

MicroRNAs (miRNAs) are short non-coding RNAs that negatively
regulate protein expression. miRNA dysregulation has been shown
to be a master regulator, playing a vital role in tumor initiation,
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progression, and metastasis.9–11 Our previous studies demonstrated
unique miRNA expression signatures in human EAC and gastric can-
cer.12,13 We used human gastric tissue samples and the mouse model
to show that miRNA dysregulation is conserved between human and
mouse gastric cancers, promoting cancer survival and progression.14

WEE1, a nuclear kinase, phosphorylates and inactivates CDC2,
arresting cancer cells in the G2-M checkpoint for DNA repair.15 Can-
cer cells with TP53 or RB pathway mutations evade their G1-S check-
point and rely on the G2-M for DNA damage repair. Recent studies
have shown that inhibition of WEE1 kinase is also effective in TP53
wild-type contexts and seems independent of TP53 status.16

In this study, we report that smoking induces WEE1 overexpression
through miRNA dysregulation, promoting EAC cell drug resistance.
WEE1 inhibition attenuates smoking-induced docetaxel resistance in
EAC in vitro and in vivo models. Combining WEE1 inhibitor MK-
1775 with docetaxel is a promising therapeutic option for EAC.

RESULTS
WEE1 is overexpressed in human EAC patient samples,

predicting poor survival

We exploredWEE1 mRNA expression levels in different human can-
cers using the TNMplot online tool.17 Our analysis demonstrated that
WEE1 mRNA was significantly upregulated in human gastrointes-
tinal malignancies such as esophageal, stomach, and colon (Fig-
ure S1A). This result agrees with earlier reports showing overexpres-
sion of WEE1 in several human malignancies.18–20 WEE1 mRNA
expression levels in 294 non-cancer normal and 375 esophageal can-
cer human tissue samples showed that WEE1 mRNA was signifi-
cantly higher in EAC tissues compared with non-cancer normal
esophageal samples (Figure 1A, p < 0.001). We tested 10 normal
and 96 EAC de-identified human tissue samples to validate this
finding. Immunohistochemistry staining of WEE1 in these samples
indicated that the WEE1 protein is significantly overexpressed in hu-
man EAC compared with the normal esophagus (Figures 1B–1D,
p < 0.01). Furthermore, analysis of 126 EAC patients’ survival data
fromKMplot21 indicated thatWEE1 high-expressing esophageal can-
cer patients had significantly worse survival than WEE1 low-express-
ing patients (Figure 1E, p < 0.05). To examine the WEE1 protein
expression levels in the esophageal cell lines, we tested EPC2 (human
normal esophageal epithelial cell line), CPA (non-dysplastic meta-
plasia, BE cell line), CPB (dysplastic BE epithelial cells), BART
(non-neoplastic Barrett’s epithelial cells), and EAC cell lines
(FLO-1, OE33, SK-GT4, OE19, and ESO26). Western blot data
showed that WEE1 was relatively high in FLO-1, OE33, OE19, and
ESO26 EAC cells compared with non-cancer cells (Figure S1B). These
findings indicate that WEE1 is frequently overexpressed in human
EACs, predicting poor patient survival.

Smoking induces WEE1 protein expression and activation in

EAC cells

As smoking is a crucial risk factor during the progression from BE
to EAC and our data showed that WEE1 mRNA is highly expressed
in EAC (Figure 1A), we tested if smoking induces WEE1 expression
in EAC. Western blot data indicated that low level of nicotine
(100 ng/mL) treatment for 1 or 3 h induced WEE1 and downstream
phosphorylation of CDC2 (p-CDC2) protein expression in both
FLO-1 and OE33 cells (Figure 2A). Nicotine-derived nitrosamine ke-
tone (NNK) is a vital tobacco-specific nitrosamine derived from nico-
tine, playing an essential role in carcinogenesis.22,23 Our data from
western blot analysis showed that NNK treatment (10 mM) induced
WEE1 and p-CDC2 protein expression levels from 3 to 48 h in a
time-dependent manner (Figure 2B). To best simulate the smoking
effect in vitro, we prepared cigarette smoking extract (CSE), as
recently reported.24,25 Western blot results demonstrated that 2%
CSE treatment induced WEE1 and p-CDC2 protein expression
from 3 to 24 h in FLO-1, OE33, and CPB cells (Figures 2C–2E). Using
immunofluorescence staining, our data indicated that 2% CSE and
NNK treatment significantly increased WEE1 protein expression in
FLO-1 cells (Figures 2F and 2G). To investigate how smoking induces
WEE1 in EAC, we tested the mRNA expression of WEE1 after smok-
ing treatment. qRT-PCR results demonstrated that NNK or 2% CSE
treatment had a limited effect on regulating WEE1 mRNA in FLO-1
and OE33 cells (Figures S1B and S1C). In the meantime, we also
tested the WEE1 protein half-life with or without CSE or NNK treat-
ment. Surprisingly, western blot data indicated that CSE or NNK
treatment did not increase the WEE1 half-life (Figures S2A–S2C).
We analyzed the WEE1 mRNA expression in EAC from the TCGA
database with smoking status. Although WEE1 mRNA was higher
in EAC patients compared with adjacent normal esophagi as ex-
pected, there is no significant difference in WEE1 mRNA expression
between the smoking or non-smoking EAC samples (Figures S2D
and S2E). Although WEE1 mRNA levels are high in EACs, our
data suggest that smoking increases WEE1 protein levels via mecha-
nisms other than transcription or protein stability.

Smoking induces WEE1 protein expression through miRNA

dysregulation

To investigate how smoking increases theWEE1 protein level in EAC,
we tested if smoking regulates WEE1 through miRNAs. miRNAs can
regulate gene expression by binding to complementary sequences in
the 30 untranslated region (30 UTR) of mRNA molecules, leading to
degradation or repression of translation. To find out the candidate
miRNAs that can target WEE1, we analyzed three online databases,
including miRTAR base, Target Scan, and miRDB. Our analysis indi-
cates that miR-195-5p and miR-129-3p were among the top common
miRNAs in all three databases (Figure 3A). A list of all the 33miRNAs
can be found in Table S2. To validate these miRNAs in regulating
WEE1 expression, we overexpressed miR-195-5p or miR-129-3p in
FLO-1 and OE33 cells. Western blot analysis indicated that miR-
195-5p or miR-129-3p overexpression decreasedWEE1 protein levels
in EAC cells (Figure 3B). We treated FLO-1 or OE33 cells with NNK
or 2% CSE to further test if smoking regulates these miRNAs. qRT-
PCR results demonstrated that, in both cell lines, NNK or CSE
treatment significantly decreased miR-195-5p expression levels
(Figures 3C and 3D) but with limited effect on miR-129-3p expres-
sion (data not shown). Next, we investigated the possible binding of
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Figure 1. WEE1 is overexpressed in human esophageal adenocarcinoma

(A) WEE1 mRNA expression in the normal human non-cancer esophagus (Normal) and esophageal adenocarcinoma (Cancer) tissue samples. Data analyzed by TNMplot.

com. (B) Immunohistochemistry (IHC) staining of WEE1 in human normal esophageal tissue samples. (C) IHC staining of WEE1 in human esophageal adenocarcinoma tissue

samples. (D) Quantification data of (C and D). (E) Esophageal adenocarcinoma patient survival data analyzed according to different WEE1 expression levels, analyzed from

KMplot.com **p<0.01.
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miR-195-5p on the WEE1 30 UTR using the luciferase reporter con-
taining the full length of WEE1 30 UTR. qRT-PCR results confirmed
that the reconstitution of miR-195-5p in FLO-1 and OE33 cells was
successful (Figure 3E). Luciferase reporter assay results showed that
reconstitution of miR-195-5p significantly decreased the reporter ac-
tivity, indicating binding of the miR-195-5p to the 30 UTR of WEE1
(Figure 3F, p < 0.001). To further confirm our findings, we mutated
WEE1 30 UTR by deleting the two miR-195-5p binding sites (Fig-
ure 3G). As expected, miR-195-5p reconstitution had little effect on
the luciferase activity of the mutated reporter (Figure 3H). We per-
formed CSE treatment with or without miR-195-5p reconstitution
288 Molecular Therapy: Oncolytics Vol. 30 September 2023
to further validate our findings. Western blot results showed that
miR-195-5p reconstitution decreased not only the WEE1 level but
also abrogated CSE-induced WEE1 protein level in FLO-1 and
OE33 cells (Figure 3I). These data suggested that smoking increases
the WEE1 protein level through miR-195-5p in EAC.

WEE1 mediates docetaxel resistance in EAC

Therapeutic resistance is a significant cause of EAC’s poor clinical
outcome and recurrence. Single agents’ therapies often fail, and com-
bination treatments are more likely to achieve clinical response. We,
therefore, performed RNA sequencing analysis on FLO-1 and OE33

http://TNMplot.com
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Figure 2. Smoking induces WEE1 protein expression

in EAC cells

(A) Western blot analysis of WEE1, p-CDC2 (Y15), and

b-actin in FLO-1 and OE33 cells treated with nicotine for 1

or 3 h. (B) Bblot analysis of WEE1, p-CDC2 (Y15), and

b-actin in FLO-1 and OE33 cells treated with NNK for

different time points. (C–E) Western blot analysis of

WEE1, p-CDC2 (Y15), and b-actin in FLO-1, OE33, and

CPB cells treated with 2% cigarette smoking extract

(CSE). (F) Immunofluorescence staining of WEE1 (green)

in FLO-1 cells treated with 2% CSE or NNK. Scale bar,

50 mm. (G) Quantification of (F) *p<0.05, **p<0.01.
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control or WEE1 siRNA knockdown cells to determine the WEE1 in-
hibition signature. The L1000 Fireworks Display analysis followed
the RNA sequencing data to find the best drug combinations by
comparing WEE1 inhibition-induced differential gene expression
with different drug-induced transcriptomic signatures.26 Figure 4A
showed significantly differentially expressed genes after WEE1 siRNA
knockdown in OE33 cells. L1000FWD analysis using the WEE1 inhi-
bition gene expression signature found that docetaxel was one of the
top drugs with the lowest similarity scores with FLO-1 and OE33
WEE1 inhibition sequencing data, predicting the best potential syner-
gistic effect (Figures 4B and 4C). Taxanes, including docetaxel, are
included in several standard therapeutic options for EAC.27 Our data
demonstrated that MK-1775, a specific WEE1 kinase inhibitor,16

significantly synergized with docetaxel in both FLO-1 and OE33 cells
measured by ATP-Glo cell viability assay (Figures 4D and 4E,
p < 0.001). Similar results were found in SK-GT4 and OE19 cells
(Figures S3A and S3B). Western blot data confirmed that the WEE1
inhibitor decreased CDC2 phosphorylation as expected (Figure 4F,
left panel). In the meantime, MK-1775 and docetaxel induced cleaved
PARP, while the combination caused a dramatically higher level of
cleaved PARP (Figure 4F, left panel). Similar results were found in
FLO-1 cells treated with docetaxel combined with WEE1 inhibition,
which was done by siRNA knockdown. The WEE1 inhibition and do-
cetaxel treatment induced remarkably more cleaved PARP than single
Molecular Th
treatment or knockdown (Figure 4F, right panel).
We acknowledge the noted difference in p-CDC2
levels between the WEE1 siRNA and MK-1775
treatment groups. The variance can be attributed
to distinct treatment durations: 4 days for siRNA
due to transfection needs and 2 days forMK-1775.
This difference may lead to a more pronounced
induction of WEE1 following docetaxel treatment
in the siRNA group. While p-CDC2 is a known
target of WEE1, its regulation in EAC cells
could be influenced by other factors, such as
PKMYT1.28 We performed Annexin V/PI stain-
ing in EAC cells treated withMK-1775, docetaxel,
or a combination to confirm our findings further.
Flow cytometry analysis indicated that MK-1775
and docetaxel treatment induced apoptosis
measured by Annexin V in both cell lines; and
the combination treatment induced significantly more cell apoptosis
than single treatments (Figures 4G and 4H, p < 0.0001). Spheroids
have diffusional limits to the mass transport of drugs, nutrients, and
other factors, similar to in vivo tissues. Due to their mimicry of the
physiological barriers to drug delivery in vivo, spheroids can be an
improved assay format for testing efficacy.29 To test the effectiveness
of MK-1775 and the docetaxel combination in vitro, our team per-
formed EAC spheroids derived from OE33 cells. Our data showed
that, although a single docetaxel treatment was not significantly effec-
tive in inhibiting spheroid growth, the combination treatment signifi-
cantly decreased the diameter of spheroids (Figures 4I and 4J). Our
data suggested that WEE1 inhibition synergized with docetaxel in
EAC cells.

WEE1 inhibitor MK1775 overcomes smoking-induced docetaxel

resistance in vitro

Since WEE1 inhibition and docetaxel treatment induced different
gene expression patterns and were synergistic, we hypothesized
that: (1) smoking-induced WEE1 could also generate a gene expres-
sion signature causing docetaxel resistance (Figure 5A) and (2)
WEE1 inhibition eliminates smoking-induced docetaxel resistance.
To test our hypothesis, we investigated if smoking causes docetaxel
resistance through upregulating WEE1 expression in EAC. Firstly,
using four EAC cell lines, FLO-1, OE33, SK-GT4, and OE19, we
erapy: Oncolytics Vol. 30 September 2023 289
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Figure 3. Smoking induces WEE1 expression through miR-195-5p downregulation

(A) miRNAs targeting WEE1 were selected based on the common predicted binding in three online databases. (B) miR-129-3p or miR-195-5p reconstitution decreased

WEE1 protein expression in FLO-1 and OE33 cells detected by western blot. WEE1 and b-actin protein expression levels were tested. (C) miR-195-5p expression was

decreased by NNK or CSE treatment in FLO-1 cells examined by qRT-PCR. (D) Similar results as (C) were found in OE33 cells. (E) qRT-PCR validation of miR-195-5p

reconstitution in FLO-1 and OE33 cells. (F) miR-195-5p reconstitution decreased WEE1 30 UTR reporter activity in FLO-1 and OE33 cells. (G) Site mutations on the WEE1 30

UTR reporter. TwomiR-195-5p binding sites were deleted on the mutant reporter. (H) miR-195-5p reconstitution had little effect on the mutant WEE1 30 UTR reporter lacking

miR-195-5p binding sites. (I) Western blot analysis of WEE1, p-CDC2 (Y15), and b-actin in FLO-1, OE33 treated with CSE with or without miR-195-5p reconstitution.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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determined the IC50 values of WEE1 inhibitor MK-1775 (from
78 nM to 390 nm, Figure 5B) and docetaxel (from 0.15 to
0.65 nM, Figure 5C) for 5 days treatment. To better understand
the effect of smoking on drug resistance, we cultured FLO-1 and
OE33 cells with 2% CSE for 14 days to generate the CSE long-
290 Molecular Therapy: Oncolytics Vol. 30 September 2023
term (CSE-LT) cells. We treated FLO-1 CSE-LT, OE33 CSE-LT,
and parental cells with docetaxel or MK-1775. ATP-Glo cell viability
assay demonstrated that CSE-treated EAC cells had at least double
dose higher IC50 values for docetaxel (Figures 5D and 5E). At the
same time, the CSE-LT cells maintained a similar sensitivity to



Figure 4. WEE1 mediates docetaxel resistance in EAC

(A) Differentially expressed genes in OE33 WEE1 siRNA knockdown cells compared with control siRNA transfected cells from RNA sequencing data. Red dots indicate

significantly upregulated genes. Blue dots indicate significantly downregulated genes. (B) L1000FWD analysis predicted that docetaxel was one of the drugs with the lowest

similarity score to WEE1 siRNA knockdown. (C) Drug similarity scores predicted by L1000FWD based onWEE1 siRNA RNA sequencing data from FLO-1 and OE33 cells. (D

and E) SynergyFinder analysis results of FLO-1 and OE33 cells treated with MK-1775 (0–2 mM) and docetaxel (0–5 nM). (F) Left panel: western blot analysis of WEE1, PARP,

cleaved PARP, p-CDC2 (Y15), and b-actin in FLO-1 cells treated with MK-1775 1 mMalone, docetaxel 2 nM alone, or a combination. Right panel: similar results in FLO-1 cells

treated with docetaxel with or withoutWEE1 siRNA knockdown. (G andH) Left panels: flow cytometry analysis of Annexin V and PI staining in FLO-1 or OE33 cells treated with

MK-1775 1 mM alone, docetaxel 2 nM alone, or a combination. Right panels: quantification of apoptotic cells in the left panels. (I) OE33 spheroids cells treated with MK-1775

alone, docetaxel alone, or a combination. (J) Quantifying data in (F). **p < 0.01, ****p < 0.0001.
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Figure 5. WEE1 inhibitor MK1775 overcomes smoking-induced docetaxel resistance in vitro

(A) Graphic summary of the hypothesis that smoking induces WEE1 expression promoting docetaxel drug resistance in EAC cells. (B and C) ATP-Glo cell viability assay

analysis of IC50 values of MK-1775, or docetaxel (DTX) in EAC cells. (D and E) ATP-Glo cell viability assay analysis of docetaxel IC50 values in FLO-1 or OE33 control or CSE

long-term (CSE-LT)-treated cells. (F) Western blot results of WEE1, PARP, cleaved PARP, caspase-3, cleaved caspase-3, and b-actin in FLO-1 and OE33 control or CSE-LT

cells treated with docetaxel overnight. (G) SynergyFinder analysis showed a significant synergy effect between WEE1 inhibitor MK-1775 and docetaxel in FLO-1 CSE-LT

cells. (H) Clonogenic assay in OE33 cells treated with docetaxel or combined with MK-1775. (I) Quantification of (H). *p < 0.05, **p < 0.01, ***p < 0.001.

Molecular Therapy: Oncolytics
MK-1775 treatment (Figure S3C). Western blot analysis showed
that overnight docetaxel treatment induced cleaved PARP and
cleaved caspase-3 in FLO-1 and OE33 cells (Figure 5F, left three
lanes of both panels). And CSE-LT cells demonstrated higher
WEE1 protein levels and less cleaved PARP and cleaved caspase-3
treated by docetaxel (Figure 5F, right three lanes of both panels).
Furthermore, FLO-1 CSE-LT cells were treated with a combination
of MK-1775 and docetaxel. Our ATP-Glo cell viability data indi-
292 Molecular Therapy: Oncolytics Vol. 30 September 2023
cated that MK-1775 significantly synergized with docetaxel in
FLO-1 CSE LT cells (Figure 5G). To test this synergy effect in a rela-
tively long-term situation, we treated OE33 CSE-LT cells with doce-
taxel with or without MK-1775 treatment. Clonogenic assay results
indicated that combination treatment significantly decreased clone
size and number in OE33 CSE-LT cells (Figures 5H and 5I). These
data suggested that smoking induces WEE1 expression and doce-
taxel resistance in EAC cells.



Figure 6. Combining MK-1775 and docetaxel improves EAC patient-derived xenograft mouse model survival with smoking in vivo

(A) Graphic summary of the EAC patient-derived xenograft experimental design. (B) Tumor growth curves in eight experimental groups with or without smoking. (C) Tumor

size in eight experimental groups with or without smoking at the end of the experiment. (D and E) Probability of survival in non-smoking and smoking groups with single or

combined drug treatment. (F) Western blot analysis of WEE1, BCL-2, PARP, cleaved PARP (Cl-PARP), and b-actin in mouse xenografts. (G) qRT-PCR analysis of miR-195-

5p expression in mouse xenografts. *p < 0.05, **p < 0.01, ****p < 0.0001.
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WEE1 inhibitor MK1775 overcomes smoking-induced docetaxel

resistance in vivo

To test our findings in vitro, we generated an EAC patient-derived
xenograft (PDX) mouse model with the TE-10 smoking machine
for mice. As described in materials and methods, after 3 months of
smoking, mice were implanted for EAC PDX followed by control, do-
cetaxel alone, MK-1775 alone, or combination treatment in different
groups (Figure 6A). Our data showed that, without smoking, MK-
1775 or docetaxel treatment alone significantly decreased tumor vol-
ume compared with the control (Figures 6B, left panel, and 6C). In
contrast, combination treatment delivered better tumor growth inhi-
bition (Figures 6B, left panel, and 6C). While it is interesting to
find out that smoking did not increase tumor growth, it did make
xenograft tumors more resistant to MK-1775 or single docetaxel
Molecular Therapy: Oncolytics Vol. 30 September 2023 293
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Figure 7. WEE1 inhibition induces apoptosis, and docetaxel promotes tubulin destabilization in EAC PDXs

(A) Immunofluorescence staining of cleaved caspase-3 (red), DAPI (blue) in EAC PDXs described in Figure 6. Scale bar, 50 mm. (B) Quantification data of (A). (C) Immu-

nofluorescence staining of detyrosinated tubulin (green, stable tubulin) andDAPI (blue) in EACPDXs described in Figure 6. Scale bar, 50 mm. (D) Quantification of (C) *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001.
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treatment, as there was no significant difference in tumor size in sin-
gle treatment groups (Figures 6B, right panel, and 6C). Surprisingly,
xenograft tumors in the smoking group were more sensitive to the
combination treatment, showing a significant decrease in the tumor
size compared with all other groups (Figures 6B, right panel, and
6C). When the tumor size reaches three times larger than the initial
size as a potential survival index, our data showed that MK-1775/do-
cetaxel single treatment or combination improved survival in non-
smoking groups (Figure 6D). In contrast, only combination treatment
294 Molecular Therapy: Oncolytics Vol. 30 September 2023
in the smoking group affected survival. There was no survival differ-
ence for the single-drug treatments in the smoking groups (Figure 6E).
Our western blot data from the xenograft tumor samples showed that
smoking induced remarkably higher WEE1 and BCL-2 protein
expression levels in mouse tumors. And both protein levels were
decreased by the docetaxel alone or through combination treatment
(Figure 6F). The combination treatment induced remarkably more
cleaved PARP in the smoking group (Figure 6F). To investigate the
mechanisms in which WEE1 was induced by smoking in vivo, we
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examined miR-195-5p expression levels in xenograft tumor samples.
qRT-PCR results showed that, similar to in vitro, miR-195-5p expres-
sion was significantly lower in the smoking tumor samples with or
without combination treatment (Figure 6G). To further investigate
the mechanisms underlying the synergistic effect behind MK-1775
and docetaxel, we performed immunofluorescence staining of cleaved
caspase-3 and detyrosinated tubulin in the four groups of the
xenograft tumor samples. Our data suggested that MK-1775 single
treatment and combination induced significantly higher cleaved
caspase-3 than the control group in smoking and non-smoking tu-
mors (Figures 7A and 7B, p < 0.001). On the other hand, docetaxel
and combination treatment significantly decreased detyrosinated
tubulin in smoking and non-smoking tumors compared with control
samples (Figures 7C and 7D, p < 0.05). These data confirmed our
in vitro findings that smoking induces WEE1 expression, promoting
docetaxel drug resistance in EAC through miR-195-5P dysregulation.

DISCUSSION
Esophageal cancer is a deadly disease with limited treatment options,
highlighting the need for new therapeutic targets.1 Although BE is a
significant risk factor for EAC,30 smoking is an important risk factor
for progressing from BE to EAC.7 In this study, we investigated the
role of smoking and WEE1 in EAC and its potential as a therapeutic
target. Our findings revealed that WEE1 is overexpressed in human
EAC samples, and smoking induces high levels of WEE1 protein
through miRNA dysregulation, leading to docetaxel resistance.

The overexpression of WEE1 in EAC is consistent with previous
studies showing its upregulation in various human malignancies. In
the meantime, targetingWEE1 has been identified as a potential ther-
apeutic strategy for several cancers, including lung, ovarian, and
gastric cancer.18,31,32 Our results suggest that WEE1 could also be a
viable therapeutic target for EAC.

In our investigation, an unexpected observation was made regarding
the subcellular localization of WEE1 in EAC cells. Traditionally,
WEE1 has been documented to localize predominantly in the
nucleoli.33 However, in our study, WEE1 appeared to localize in the
cytoplasm, diverging from its typical nucleolar presence. This shift
in localization might imply that WEE1 assumes diverse roles depend-
ing on its cellular location. Such unconventional cytoplasmic localiza-
tion raises questions regarding potential alternative functional impli-
cations for WEE1 in the context of EAC cells. While this is an
intriguing observation, our primary focus in this study is centered
on elucidating the connection between smoking, WEE1 overexpres-
sion, and drug resistance. The unexpected cytoplasmic localization
of WEE1 suggests novel functional implications that warrant deeper
investigation. We are currently exploring these findings.

Smoking is a significant risk factor for the progression of BE to EAC,
and our study demonstrates that smoking induces WEE1 protein
expression in EAC cells. Interestingly, the smoking-induced WEE1
upregulation is not due to mRNA transcription or protein stability
but rather miRNA dysregulation. It was indicated earlier that miR-
424, miR-381, and miR-219-5p decreased WEE1 expression in renal
cancer and Balb/Cmice.34–36 In particular, we found that miR-195-5p
directly binds to WEE1 30 UTR and is most significantly associated
with changes in WEE1 levels. Recent studies showed that miR-195
is downregulated in human esophageal cancer and plays a role as a
tumor suppressor.37–39 Our results suggest that regulating WEE1 by
different miRNAs could be cellular and context dependent. Despite
the known role of miRNAs in modulating mRNA stability and trans-
lation, WEE1 mRNA levels remained relatively unchanged even as
protein levels shifted after smoking exposure. This suggests that the
presence of compensatory mechanisms, possibly a negative feedback
loop, might stabilize WEE1 mRNA under smoking conditions. The
detailed dynamics of this regulatory process merits further explora-
tion. We recognize the significance of understanding the link between
smoking status and WEE1 protein expression in human EAC. How-
ever, our tissue microarray data do not specify patients’ smoking sta-
tus, and further searches yielded no additional data on this relation-
ship. Although smoking induces WEE1 in EAC, the abnormal WEE1
mRNA overexpression independent of smoking in EAC samples
needs further investigation. WEE1 is an attractive therapeutic target
for several malignancies, including lung, ovarian, and gastric can-
cer.18,20,32,40 According to recent publications, smoking promotes
drug resistance in multiple human cancers, including the lung, pros-
tate, and pancreas.41–43 SinceWEE1 was induced by smoking in EAC,
we tested if smoking causes drug resistance and whether it is WEE1
dependent. Our RNA sequencing data using WEE1 knockdown cells
suggested that WEE1 inhibition and docetaxel treatment induce
significantly different gene expression signatures. The F1000FWD
method we used to predict the synergistic effect based on differential
gene expression response after drug treatment has been tested in mul-
tiple human cancers.44–48 We found that smoking-induced docetaxel
resistance was dependent on WEE1. We have examined the baseline
WEE1 expression in EAC cancer cell lines and concurrently assessed
the IC50 values of docetaxel. Our findings suggest that docetaxel sensi-
tivity, gauged by IC50 values, showed no substantial differences
among the EAC cells (data not shown). Utilizing the SynergyFinder
tool, we observed that our synergy scores significantly exceeded the
threshold suggested by the tool’s user manual for denoting synergism.
Therefore, based on these scores, we infer that the MK-1775 WEE1
inhibitor synergized with docetaxel treatment in smoking-treated
cells and non-smoking EAC cells, suggesting that combining these
two drugs could be practical for EAC patients regardless of their
smoking status. We have conducted cell-cycle analyses after single
and combination drug treatments. While MK-1775 typically reduced
cells in the G2/M phase and DTX induced G2/M arrest, the combina-
tion treatment presented a complex cell-cycle profile (data not
shown). Such complexities in flow cytometry analysis, where typical
cell-cycle signatures are obscured, have been reported in other drug
treatment scenarios, as evidenced by Hoose et al..49 Given this intri-
cate profile, consistently observed across repeated experiments, we
have chosen not to derive specific conclusions for the combination
treatment based on these analyses. Since WEE1 mRNA induction
was not found in smoking-treated EAC cells, and the synergistic effect
of WEE1 inhibition and docetaxel occurs in EAC cells even without
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smoking, we assume that smoking might not be the only reason for
WEE1 activation in EAC.

To further investigate the smoking effect on WEE1 induction and
examine the efficacy of WEE1 inhibition combined with docetaxel
treatment in vivo, we used a mouse smoking machine joint with
EAC PDX and drug treatment. Mice were exposed to smoking
3 months before tumor implantation to build up a host smoking
background, as suggested by recent reports.50–52 As expected,
WEE1 inhibition synergized with docetaxel treatment. Smoking
decreased the survival of mice treated with WEE1 inhibitor or do-
cetaxel alone. Interestingly, the combination treatment elicited a
significant response in the smoking group, which initially took
us by surprise. A plausible explanation could be that the xenograft
tumor cells in the non-smoking group, which have a relatively
lower WEE1 expression, may have limited response to WEE1 inhi-
bition, and survived after combination treatment. In contrast, in
the smoking group, WEE1 may have been induced in tumor cells
with inherently lower endogenous WEE1 expression, making these
cells more reliant on WEE1 for DNA repair and survival during
chemotherapy. Hence, when the smoking group was exposed to
the combination treatment, the high-WEE1 cells responded better
to WEE1 inhibition than the WEE1 low cells in the non-smoking
group. The staining of apoptosis maker and stabilized tubulin re-
sults indicated that docetaxel destroys tubulin while WEE1 inhibi-
tion induces apoptosis. The combination treatment showed both
effects of WEE1 inhibition and the docetaxel treatment. The differ-
ences in inducing cell apoptosis and eliminating tubulin by WEE1
inhibition or docetaxel treatment are consistent with our hypothe-
sis that there are different gene expression responses underlying
the two treatments. These data validate our RNA sequencing
data that WEE1 inhibition and docetaxel treatment target various
aspects of cancer cell survival and suggest that combining drugs
based on the discordance of responding gene patterns works in
pre-clinical settings.

We observed elevated WEE1 expression in the smoking group, yet
their tumor response to docetaxel was limited compared with the
non-smoking group. Interestingly, the combination treatment was
more effective in the smoking group. This might be because the smok-
ing group’s tumors, with higherWEE1, became more dependent on it
for DNA repair during chemotherapy, hence responding better to its
inhibition. In contrast, the non-smoking group, with inherently lower
WEE1 levels, may be less affected by its inhibition. We recognize our
study’s constraint of using a single EAC PDXmodel, emphasizing the
need for future research on predictive biomarkers and therapeutic
response mechanisms. We acknowledge the importance of under-
standing smoking’s effect on docetaxel response in human EAC pa-
tients. While our in vivo study utilized a smoking machine to mimic
patient conditions, the scarcity of related human data is a limitation.
We hope our findings encourage more in-depth human studies in this
domain. We recognize that our analysis did not show significant var-
iations in cleaved caspase-3 or tubulin expression. The measurements
taken at the end of a 4-week treatment might have affected these re-
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sults. Although our data suggest a less responsive smoking group,
earlier time point measurements could have provided a different
perspective.

In summary, our study offers valuable insights into the function of
WEE1 in EAC and emphasizes its potential as a therapeutic target.
We also reveal the synergistic impact of combining a WEE1 inhibitor
withdocetaxel treatment inEAC through in vitro experiments.Utilizing
a specialized smoking machine for in vivo research, we discovered that
the WEE1 inhibitor counteracts smoking-induced docetaxel resistance
in EAC. These findings provide a scientific rationale for further explo-
ration ofWEE1 inhibition as a treatment strategy for EACpatients. Our
study’s novelty lies in uncovering the role of smoking in inducing
WEE1, promoting docetaxel resistance in EAC, and using a unique
in vivo TE-10 smoking machine in mice to investigate these effects.
These novel aspects contribute significantly to the field and warrant
further research to improve treatment options for EAC patients.

MATERIALS AND METHODS
Cell culture and reagents

Immortalized non-neoplastic normal esophageal cell line EPC2,
kindly provided by Dr. Anil Rustgi (Columbia University, NY), three
human BE cell lines, BART (kindly supplied by Dr. Rhonda Souza,
Baylor University Medical Center, Dallas, TX), CPA, and CPB
(ATCC, Manassas, VA), were cultured with DMEM/F12 (Gibco,
New York, NY) supplemented with 5% fetal bovine serum (FBS)
(Gibco), 0.4 mg/mL hydrocortisone (Sigma-Aldrich, Saint Louis,
MO), 1%penicillin/streptomycin (Gibco), 140mg/mLbovine pituitary
extract (Thermo Fisher Scientific, Waltham, MA), 20 mg/L adenine
hydrochloride hydrate (Sigma-Aldrich), insulin-transferrin-sodium
selenite medi supplement (Sigma-Aldrich), and 20 ng/mL recombi-
nant epidermal growth factor (Sigma-Aldrich). EAC cell lines
FLO-1 (ATCC), OE33 (kindly provided by Dr. David Beer), SK-
GT4 (kindly supplied by Dr. Xiaochun Xu at MD Anderson), OE19,
and ESO26 (purchased from MilliporeSigma, Burlington, MA) were
cultured in DMEM, or RPMI 1640 medium (Gibco) supplemented
with 10% FBS and 1% penicillin/streptomycin. All cell lines were
grown at 37�C in 5% CO2. Cell lines were authenticated by Genetica
DNA Laboratories (Burlington, NC) using short tandem repeat
profiling. Cells from the stocks were authenticated using short tandem
repeat markers and cultured for less than 6 months. Mycoplasma was
tested periodically using the qRT-PCRmethod (SouthernBiotech, Bir-
mingham, AL). WEE1 and p-CDC2 antibodies were obtained from
Santa Cruz Biotechnology (Dallas, TX). PARP, cleaved PARP,
caspase-3, cleaved caspase-3, and BCL-2 antibodies were purchased
from Cell Signaling Technology (Beverly, MA). A detyrosinated
tubulin antibody was obtained from Sigma. The b-actin antibody
was obtained from Sigma-Aldrich. Mouse or rabbit secondary anti-
bodies were purchased from Promega (Madison, WI). MK-1775 and
docetaxel were supplied by Selleck Chemicals (Houston, TX).

Tissue microarray for EAC human samples

Tissue microarrays containing cores from paraffin-embedded, de-
identified human (10 normal and 96 EAC cancer tissue samples)
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were obtained from Vanderbilt Tissue Pathology Core Resource. All
tissue samples were coded and de-identified following institutional
review board-approved protocols. The histology of all tissue samples
was verified using H&E staining. A composite scoring system was
developed for statistical analysis to integrate the immunohistochem-
istry signal intensity and the frequency of positive cells in the cytosol
and nucleus. The intensity of staining is graded as 0 (negative), 1
(weak), 2 (moderate), and 3 (strong). The frequency is graded from
0 to 4 by the percentage of positive cells as follows: grade 0, <3%; grade
1, 3%–25%; grade 2, 25%–50%; grade 3, 50%–75%; grade 4, >75%. A
composite expression score (CES) with a full range from 0 to 12 was
used. Products = intensity of staining (0–3)� frequency (0–4). Index
score 0 = products of 0, index score 1 = products of 1 and 2, index
score 2 = products of 3 and 4, index score 3 = products of 6 through
12. CES was calculated as described previously.53 WEE1 gene expres-
sion in esophageal cancer and esophageal cancer patient survival data
were analyzed through TNMplot.17

qRT-PCR and RNA sequencing

Total RNA was purified using the miRNeasy mini kit (QIAGEN).
cDNA and miRNA cDNA was reverse transcribed as described
before.13 The quantitative real-time PCR (qRT-PCR) was per-
formed using a Bio-Rad CFX Connect Real-Time System with
the threshold cycle number determined by Bio-Rad CFX manager
software version 3.0. Primers were ordered from Integrated DNA
Technologies (Coralville, IA). The sequences of qRT-PCR primers
are given in Table S1. The results of target genes were normalized
to the human HPRT1 gene. miRNA expressions were normalized
to miR-191.12,54 Expression fold changes were calculated using the
formula; 2(Rt – Et)/2(Rn – En) as described previously.55,56 Twelve
RNA samples from FLO-1 and OE33 control siRNA (triplicates) or
WEE1 siRNA (triplicates) cells were extracted. RNA sequencing
was performed on a total of 1 mg RNA from each sample as
described before.14 The Limma package in R performed differen-
tial gene expression analysis. The threshold for significance is a
p value less than 0.05, with the log2 fold change larger than 1.5
or less than �1.5.

Western blot

Cells were harvested by 0.05% trypsin from the culture plate and
centrifuged at 12,000 rpm 4�C for 2 min. Cell pellets were re-sus-
pended in RIPA buffer containing protease inhibitor cocktail and
phosphatase inhibitor sodium orthovanadate (Santa Cruz Biotech-
nology). The suspension was slowly shaken on ice for 30 min,
with a vortex every 10 min. Protein concentrations were measured
using a Bio-Rad Protein Assay (Bio-Rad, Hercules, CA). Proteins
(10 mg) from each sample were subjected to SDS-PAGE and trans-
ferred onto nitrocellulose membranes (PerkinElmer, Waltham,
MA). Membranes were blocked with 5% bovine serum albumin
(Sigma-Aldrich). Membranes were probed with specific primary an-
tibodies overnight at 4�C to detect target proteins. On the second
day, membranes were washed for 10 min with TBS-T three times,
followed by incubation with anti-rabbit or anti-mouse secondary
antibodies for 2 h. Then membranes were washed 10 min � 3 times
with TBS-T. Protein bands were detected using chemiluminescence
reagents (Millipore, Billerica, MA) in GelDoc Go Imaging System
(Bio-Rad).

Flow cytometry analysis of cell apoptosis and cell death

To quantitate drug-induced apoptosis, flow cytometry analysis of
Annexin V and PI was performed using an FITC Annexin V
apoptosis detection kit (BD Biosciences, San Jose, CA). FLO-1
and OE33 Cells were treated with 200 nM MK-1775, 2 nM doce-
taxel, or a combination for 72 h. Cells were then collected for
FITC Annexin V and PI staining according to the manufacturer’s
instruction and subjected to flow cytometry analysis at Flow Cytom-
etry Shared Resource at Sylvester Comprehensive Cancer Center.
Flow cytometry data were analyzed by FCS Express 7 software
(https://denovosoftware.com/).

Cell viability ATP-Glo and clonogenic assay

FLO-1, OE19, SK-GT4, and OE33 cells were seeded at 1,500 cells per
well in 96-well plates and treated with WEE1 inhibitor MK-1775
(range: 0 ng/mL to 20 mg/mL) or docetaxel (range: 0–20 nM) for
5 days. According to the manufacturer’s protocol, cell viability was
measured using the CellTiter-Glo Cell Viability Assay (Promega,
Madison, WI). Absorbance was obtained in a FluolarStar lumines-
cence microplate reader (BMG Labtech). OE33 control, CSE long-
term (CSE-LT) treated cells were seeded 1,000 cells/well in six-well
plates treated with MK-1775 (range: 0.0–200 ng/mL) or docetaxel
(range: 0–2 nM) or combination for 48 h. After treatments, cells
were washed with PBS following incubation in a drug-free DMEM
or RPMI medium for 10 to 12 days until exact clones were formed
in control groups. Subsequently, the media were removed, and cells
were fixed with 4% paraformaldehyde solution for 30 min at room
temperature. The cells were then gently washed with PBS and
stained overnight with crystal violet (0.05% crystal violet in 50%
methanol). Following overnight staining, the excess dye was gently
washed off with PBS. The plates were photographed. Colony forma-
tion and cell survival were evaluated by quantifying the dye signal in
each well with ImageJ image analysis software (https://imagej.nih.
gov/ij/).

DNA/RNA transfection and WEE1 30 UTR luciferase reporter

miR-195-5p, miR-129-3p, and control miRNA mimic were obtained
from abmgood (Richmond, BC, Canada). miRNA and WEE1 siRNA
(Thermo Fisher Scientific) transfection were performed with Lipojet
transfection reagent (SignaGen Laboratories, Frederick, MD)
following the manufacturer’s instructions. miRNA mimic or siRNA
(60 pmol) were transfected into 1.5 � 105 FLO-1 or OE33 cells in
one well of a six-well plate. Media were changed overnight. Cells
were harvested for analysis 72 h after transfection. WEE1 30 UTR re-
porter was purchased from Genecopoeia (Rockville, MD). One
microgram of the reporter plasmid and 0.5 mg of b-galactosidase
plasmid (Promega) were co-transfected into 1.5 � 105 FLO-1 or
OE33 cells in one well of a six-well plate using Polyjet (SignaGen Lab-
oratories). Media were changed overnight. Cells were harvested for
analysis 72 h after transfection. WEE1 30 UTR reporter mutation
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was generated using the QuikChange Lightning Multi Site-Directed
Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) following
the manufacturer’s instructions.

Smoking treatments and PDXs

NNK solution and nicotine were obtained from Sigma-Aldrich.
Methanol with the same volume of NNK or nicotine was added
to the media as a control. CSE was prepared by bubbling smoke
from two 1R6F research cigarettes into 20 mL of serum-free cul-
ture RPMI medium at one cigarette/min.57 After adjusting pH to
7.4, the medium was considered 100% CSE. Serum-free culture
RPMI medium was used as a control for CSE treatment in vitro.
We randomized 40 6-week-old NOD SCID mice (Charles River,
Wilmington, MA) to an environment consisting of either filtered
air (20 mice) or cigarette smoke (20 mice) for 3 months.58 Smoke
exposure (6 h per day, 5 days per week) was standardized using a
model TE-10 smoking machine51,59 and adjusted to maintain con-
stant sidestream and mainstream smoke from 1R6F research ciga-
rettes (Kentucky Tobacco Research and Development Center, Lex-
ington, KY). EAC PDX was provided by Dr. Silvia Giordano.60 The
PDX used in this study has KRAS amplification (approximately
30–50 copies) with TP53 mutation (p.Arg248Trp; p.Pro72Arg).
For PDX implantation, one 24-well plate containing cold culture
medium RPMI 1640 supplemented with antibiotics (Primocin,
100 mg/mL, InvivoGen, San Diego, CA), 1 mL of medium/well,
was prepared. Tubes containing tumor samples were thawed and
the tumor pieces placed in the 24-well plate containing the cold
medium on ice. After 10 min, the tumor pieces were moved to a
new well and, after a further 10 min, the tumor pieces were moved
to a third well. Finally, after 10 min, the tumor pieces were moved
to the last well, containing medium supplemented with antibiotics
and 20% Matrigel (Fisher Scientific, Hampton, NH). With the an-
imal anesthetized, shaved on the back, and disinfected superfi-
cially, the subcutaneous dorsal level of the loin skin was cut about
6–7 mm. One fragment (approximately 2–3 mm3 fragments)
immersed in the medium supplemented with Matrigel was placed
in the generated pocket. The incision was closed with a small
amount of surgical glue. Forty NOD SCID mice with or without
smoking were randomized into eight groups (1) control, (2)
MK-1775 treatment, (3) docetaxel treatment, (4) MK-1775 + doce-
taxel treatment, (5) smoking, (6) smoking + MK-1775 treatment,
(7) smoking + docetaxel treatment, and (8) smoking + MK-
1775 + docetaxel treatment, when the average tumor volume
reached around 150 mm3. Mouse weight was recorded, and tumor
volumes were measured and calculated as volume = 0.5 � (long
dimension) � (short dimension)2 twice weekly.14 Docetaxel
(10 mg/kg) was intraperitoneally injected on day 1 per week for
4 weeks.61 The WEE1 inhibitor MK-1775 (Selleck Chemicals,
Houston, TX) was delivered by oral gavage (30 mg/kg) on days
3 and 5 per week for 4 weeks in DMSO in 0.5% methylcellulose
(Sigma-Aldrich).62 Mice were under the same schedule of smoking
during the whole experiment as tumor implantation before. Tu-
mor growth rate/regressions were calculated on day 28 after the
initial treatment. The animal work is approved by the Institutional
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Animal Care and Use Committee Office (IACUC) of the Univer-
sity of Miami.

The assigned approval number of this study is 21-099 (Zheng Chen).

Immunofluorescence and immunohistochemistry

Immunofluorescence and immunohistochemistry were performed as
described previously.63 Immunofluorescence assay was performed in
paraffin-embedded sections of EAC PDX mouse tumor samples
described above. Paraffin-embedded slides were deparaffinized after
three incubations (3 min each time) in Histo-Clear (National Diag-
nostics, Atlanta, GA), followed by two incubations of 2 min in
100% ethanol, 95% ethanol, 70% ethanol, 50% ethanol, and double
deionized water. In addition, slides were incubated in TE buffer
(pH 8.0) for 10 min at 100�C for antigen unmasking. Slides were
cooled to room temperature after antigen unmasking and blocked
with 10% goat serum (Thermo Fisher Scientific, Waltham, MA) for
1 h. Slides were incubated with cleaved caspase-3 or detyrosinated
tubulin antibody 1:250 overnight at 4�C. After washing in PBS 3
times, the slides were incubated with 1:500 goat anti-rabbit Alexa
Fluor 488 or goat anti-rabbit Alexa Fluor 568 (Thermo Fisher Scien-
tific,Weston, FL) secondary antibodies for 2 h in the dark. Then slides
were covered with a mounting medium with 40,6-diamidino-2-phe-
nylindole (Vector Laboratories, Burlingame, CA). Images were taken
using an FV-1000 confocal microscope (Olympus America, Miami,
FL). ImageJ software was used for cleaved caspase-3 or detyrosinated
tubulin data quantification.
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