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Abstract

Background: The dynein axonemal heavy chain (DNAH) family of genes encode the dynein axonemal heavy chain,
which is involved in cell motility. Genomic variations of DNAH family members have been frequently reported in
diverse kinds of malignant tumors. In this study, we analyzed the genomic database to evaluate the mutation status
of DNAH genes in gastric adenocarcinoma and further identified the significance of mutant DNAH genes as effective
molecular biomarkers for predicting chemotherapy response in gastric cancer patients.

Methods: We analyzed the clinical and genomic data of gastric cancer patients published in The Cancer Genome
Atlas (TCGA) project. Data on chemotherapy response, overall survival (OS) and chemotherapy-free survival were
retrieved. Then, we verified the results via targeted sequencing of gastric cancer patients with similar clinical charac-
teristics but different chemotherapeutic outcomes.

Results: In total, 132 gastric adenocarcinoma patients undergoing chemotherapy treatment from TCGA were
included in our study. Somatic mutations in all 13 members of the DNAH family of genes were associated with dif-
ferent chemotherapy responses. Compared with patients with wild-type DNAH genes (n=59), a significantly higher
proportion of those with mutations in DNAH genes (n=73) (55.9% vs 80.8%) responded to chemotherapy (P =0.002).
Moreover, DNAH mutations were correlated with significantly better OS (P =0.027), chemotherapy-free survival
(P=0.027), fluoropyrimidine-free survival (P =0.048) and platinum-free survival (P =0.014). DNAH mutation status
was an independent risk factor for OS (P =0.015), chemotherapy-free survival (P=0.015) and platinum-free survival
(P=0.011). We identified somatic mutations in 27 (42.2%) of the 64 stage lll gastric adenocarcinoma patients receiv-
ing fluoropyrimidine-based chemotherapy by targeted exon sequencing with strict screening conditions. In our own
cohort, a significantly higher proportion of patients (n =32) with DNAH mutations than patients with wild-type DNAH
genes (n=32) had a good prognosis (OS >48 months) (70.4% vs 35.1%) (P =0.005).

Conclusions: Dynein axonemal heavy chain gene mutations contribute positively to chemotherapy sensitivity in
gastric cancer patients.
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Introduction

Gastric cancer remains one of the leading causes of death
from malignant tumors worldwide [1]. As a type of highly
heterogenetic malignant tumor [2], advanced or late
stage gastric cancer is refractory to treatment. Despite
some targeted therapeutic agents, such as herceptin [3,
4] and spatinib [5, 6], which have been used in the clini-
cal setting, surgery and perioperative chemotherapy are
still routine treatments for advanced gastric cancer [7,
8]. Unfortunately, chemotherapy resistance often occurs
and causes treatment failure. The unpredictability of
the chemotherapy response often makes the treatment
regime ineffective and leads to the loss of optimal treat-
ment opportunities.

Some molecular or genetic changes have been reported
to predict the sensitivity to chemotherapeutics, such as
thymidylate synthase or dihydropyrimidine dehydro-
genase for fluoropyrimidine [9-11], ERCC mRNA lev-
els and the BMP4 epigenetic status for platinum-based
chemotherapeutics [12, 13], and B-tubulin III for pacli-
taxel [14]. Additionally, BRCA2 mutations may contrib-
ute to the sensitivity to platinum-based chemotherapies
in gastric cancer patients [15]. However, because of the
lack of evidence, none of these potential biomarkers is
routinely clinically used in gastric cancer treatment.

Because the response rate to single agent chemo-
therapy is poor, the majority of advanced gastric cancer
patients receive combination regimes [16]. In spite of
this, the overall efficacy of chemotherapy remains unsat-
isfying. Although it has been reported that there is a
76% response rate to the combined use of S1 (a combi-
nation of tegafur with two biomodulators, gimeracil and
oteracil) and cisplatin, overall efficacy of the most com-
monly used regimes is less than 50% [17], which means
that a large proportion of the patients did not obtain a
survival benefit from chemotherapy but still experienced
severe adverse drug reactions. Now that chemotherapy is
an important treatment for modality for gastric cancer,
a method of predicting the sensitivity to chemotherapy
is needed. In this study, we aimed to identify the pos-
sible predictors of chemosensitivity by analyzing clin-
icopathologic data and exon mutation data from The
Cancer Genome Atlas (TCGA). Then, further deep exon
sequencing of cancer tissues was conducted to verify the
results.

Materials and methods

Patients and study design

Because platinum and fluoropyrimidine are the most
widely used chemotherapeutics in gastric cancer patients,
we obtained whole-exon sequencing data and clinical
information from TCGA for 132 gastric adenocarcinoma
patients with who received that two chemotherapeutics
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postoperatively. Among these patients, 130 had com-
plete follow-up information in the database. We per-
formed two steps in our study. First, we analyzed the
association between somatic mutations and chemother-
apy sensitivity in TCGA cohort (n=132). To analyze the
data from TCGA, we considered “Complete Response’,
“Partial Response” and “Stable Disease” to indicate che-
mosensitivity and considered “Clinical Progressive Dis-
ease” to indicate chemoresistance. Second, we validated
the results from the first step through targeted exon
sequencing of 64 pairs of cancerous and normal samples
from prognostically selected gastric cancer patients who
underwent surgery and chemotherapy. The 64 patients
in our cohort were divided into two groups. Thirty-two
patients had a good prognosis of overall survival (OS)
(>48 months after surgery), and 32 patients had a poor
prognosis (< 12 months after surgery). All patients in our
cohort had similar clinicopathologic features. Of the sub-
jects, 50 (78.1%) were male, 14 (21.9%) were female, and
the mean age was 60.8 years (range from 33 to 80 years
old). All patients underwent radical gastrectomy and D2
lymph node resection without previous radiotherapy or
chemotherapy from 2009 to 2011 and were identified as
having stage IIIB and stage IIIC gastric cancer by postop-
erative pathologic diagnosis according to the American
Joint Committee on Cancer (AJCC 7th Edition) staging
system. These patients were treated with combination
chemotherapy regimens involving fluoropyrimidine and/
or platinum. Access to TCGA database was approved by
the National Cancer Institute (https://tcga-data.nci.nih.
gov/tcga). This project was approved by the ethics com-
mittee of Ren Ji Hospital, Shanghai Jiao Tong University
School of Medicine with regard to the use of the samples.
Informed consent was obtained from all patients before
they were included in the study.

Whole-exon sequencing data analysis

We analyzed the whole-exon sequencing data from the
132 TCGA cases with chemotherapy information. We
calculated the mutation frequency in terms of the total
number of nonsynonymous mutations, including single-
nucleotide substitutions and insertion—deletion (indel)
mutations. The proportions of different types of muta-
tions including single-nucleotide variations (SNVs_ and
indels in six possible mutation patterns (i.e., C>T, C>A,
C>G, A>G, A>C and A>T) were calculated for every
sample. Then, we analyzed the chemosensitivity rate
based on the mutation status of every gene.

Targeted-exon sequencing of DANH genes and data
analysis

Formalin-fixed paraffin-embedded (FFPE) samples of
gastric adenocarcinoma and paired normal gastric tissue
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samples were collected from individuals who underwent
gastrectomy at the Ren Ji Hospital, Shanghai Jiao Tong
University School of Medicine. We selected samples from
gastric tumors that pathologists histologically identified
as gastric adenocarcinoma according to the WHO clas-
sification system. DNA was extracted from the samples
using the GenReadTM DNA FFPE Kit (Qiagen). The
DNA quality was verified by the NanoDrop system and
agarose gels, and at least 1 pug per sample was used for
the construction of a library. The genomic DNA libraries
were prepared using the protocols recommended by Illu-
mina. The captured DNA libraries were sequenced with
the Illumina HiSeq X Genome Analyzer, yielding 200
(2 x 100) base pairs in the final library fragments.

The sequencing reads were trimmed and filtered with
Trimmomatic. The resulting reads were aligned to the
hgl9 reference genome using the Burrows—Wheeler
Aligner (BWA), and the Genome Analysis Toolkit
(GATK) was used for base quality score recalibration,
indel realignment and duplicate removal. GATK 3.5,
which contains the MuTect 2.0 module, was used to iden-
tify somatic SN'Vs in the whole-exome and targeted gene
sequencing data. MuTect identifies candidate somatic
SNVs by a Bayesian statistical analysis of the bases and
their qualities in the tumor and normal BAM files at a
given genomic locus. The somatic SNV and indel results
were then combined and compared to the COSMIC data-
base. Mutation functions were predicted using SnpEff,
PolyPhen, PROVEAN and SIFT. A further filtering was
performed by allele frequency; the filter program refer-
enced previous studies [18] (Additional file 1: Table S1).

Statistical analysis

The clinical and genomic data were analyzed using stand-
ard statistical tests, including x> tests and Fisher’s exact
tests. Differences in survival were assessed using the log-
rank test. All statistical tests were 2 sided, and P<0.05
was considered statistically significant, with a confidence
interval (CI) of 95%. The statistical analyses were per-
formed with IBM SPSS version 20.0 and GraphPad Prism
version 5.01.

Results

Association of DNAH genes mutations

with the chemotherapy response in TCGA gastric cancer
patients

In total, 132 TCGA gastric cancer cases were identi-
fied, including 58055 SNV and indel mutations in the
exons. Of the 132 patients with recorded chemotherapy
responses, 92 were classified as chemosensitive and
40 were classified as chemoresistant. The 58055 muta-
tions were in 14833 genes, and TP53 was the most fre-
quently mutated gene. Interestingly, we found that
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DNAH (dynein axonemal heavy chain) genes were asso-
ciated with the chemotherapy response rate. Initially, we
found that the mutation rates of almost every member
of the DNAH gene family were higher in chemosensitive
patients than in chemoresistant patients. The mutation
rates of all DNAH genes were as follows: DNAHS5 (22.8%
vs 12.5%), DNAH9 (22.8% vs 10.0%), DNAHI11 (17.4%
vs 10.0%), DNAHS8 (18.5% vs 15.0%), DNAH7 (16.3%
vs 2.5%), DNAH3 (14.1% vs 7.5%), DNAHIO (14.1% vs
7.5%), DNAH17 (13.0% vs 7.5%), DNAH2 (12.0% vs 7.5%),
DNAHI (8.7% vs 7.5%), DNAH6 (3.3% vs 0), DNAHI2
(2.2% vs 0) and DNAHI14 (1.1% vs 0). We use the term
“DNAH mutations” to refer to the mutations of these
13 members of the DNAH gene family, unless otherwise
specified.

To further analyze the DNAH genes, 73 of the 132
patients had DNAH gene mutations, and 59 of those
patients (80.8%) were sensitive to chemotherapy (Fig. 1).
However, in the other 59 patients without DNAH fam-
ily gene mutations, the chemosensitivity rate was 55.9%.
On the other hand, the proportions of mutated DNAH
genes in the chemosensitive and chemoresistant groups
were 64.1% and 35.0%, respectively; the difference was
significant (P =0.002, x° test). The analysis of the chemo-
therapeutics used in the 132 patients showed that DNAH
mutations were significantly correlated with the response
to fluoropyrimidine (P=0.004, x> test) and platinum-
based therapy (P =0.005, Fisher’s exact test). In addition
to the significant association with the response to chem-
otherapy, DNAH mutations were associated with tumor
grade (P =0.005, x* test) but not with clinical characteris-
tics such as sex, age, TNM stage (AJCC 7th version), and
RO resection (Fig. 1).

Association of DNAH mutations with TCGA gastric cancer
patients survival
The x” test revealed that mutations in DNAH genes were
significantly correlated with the chemotherapy response
rate of gastric cancer patients, and then we identified the
relationship between the prevalence of DNAH mutations
and patient outcomes (Fig. 2). Because of missing follow-
up data for 2 patients in TCGA, 130 of the 132 patients
were included in the Kaplan—Meier survival analysis,
which revealed that patients with DNAH mutations had
a 3-year survival rate of approximately 62.8%, which was
significantly longer than the survival rate of wild-type
DNAH patients (P=0.027, log-rank test). Additionally,
the same trend was also found for progression-free sur-
vival (P=0.050, log-rank test), although the difference
was not significant.

Because DNAH mutations are associated with the rate
of chemosensitivity to fluoropyrimidine and platinum,
we generated the OS curves for gastric cancer patients
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Fig. 1 DNAH mutations that were detected in the 132 TCGA gastric cancer patients who underwent chemotherapy. a For each gene (row)
indicated, tumors (columns) with mutations are labeled with red (missense mutations), blue (silent mutations), or brown (frameshift indels) bars.
The lower labels with green (sensitive) bars and pink (resistant) bars represent the chemotherapy response status for each individual patient. b
Clinicopathologic characteristics of each patient. “Gender” positive/negative indicates male/female; “Garde 1/2" positive/negative indicates that
the level of tumor differentiation is well-moderate/poor according to the WHO classification system; “Stage I/Il” positive/negative indicates that the
tumor stage is I-II/ll-IV according to the 7th AJCC cancer staging system;“R0" positive/negative denotes that the microscopic residual tumor was
nonexistent/present after gastrectomy. The P value represents the result of the comparison between the patients with DNAH mutations vs those
with wild-type DNAH genes; P < 0.05 indicates statistical significance. ¢ Mutation counts for each gene are shown in a
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receiving fluoropyrimidine and/or platinum treatment.
The log-rank test revealed a significant difference in sur-
vival between gastric cancer patients with mutated and
wild-type DNAH genes receiving fluoropyrimidine treat-
ment (P =0.044, log-rank test) and platinum-based treat-
ment (P =0.026, log-rank test).

Association of DNAH genes mutations

with chemotherapy-free survival rates

Sixty of the 73 patients with DNAH mutations who
received postoperative chemotherapy in the TCGA were
determined to be chemosensitive. Next, we analyzed the
association between DNAH mutations and the chemo-
therapy-free period after treatment. In total, the chem-
otherapy-free survival rate was analyzed in 117 cases
from TCGA. As shown in Fig. 3, the 3-year chemother-
apy-free survival rate for patients with DNAH mutations
was 63.3%, which was significantly higher than the rate
for patients with wild-type DNAH genes (P=0.027, log-
rank test). For patients undergoing fluoropyrimidine and
platinum-based chemotherapy, there were significant dif-
ferences between patients with mutated and wild-type
DNAH genes with regard to both fluoropyrimidine-
free survival (P=0.048, log-rank test) and platinum-
free survival (P=0.014, log-rank test). Univariate and

multivariate Cox proportional hazards models showed
that the DNAH mutation status is an independent risk
factor for OS (P=0.021) (Table 1) and is significantly
associated with chemotherapy-free survival (P=0.015);
however, it is not a predictor of progression-free sur-
vival. Among the known prognostic factors, RO resection
is an independent risk factor (Table 2). Further analysis
revealed that the effect of DNAH status on the chemo-
therapy-free duration may be mainly due to the adminis-
tration of platinum-based treatment (P =0.011).

Association of DNAH mutations with mutation spectra

Using the whole-exon sequencing data from 132
patients in TCGA, we performed a further analysis of
the association between DNAH mutations and the
mutation spectra in the exons of patients with gas-
tric cancer. We found that the number of mutations in
DNAH-mutated patients was significantly higher than
the number in DNAH wild-type patients. The median
number of mutations was 275 in patients with DNAH
mutations vs 109 in patients with wild-type DNAH
genes (P <0.001, Mann—Whitney test). The microsatel-
lite status was also associated with the DNAH mutation
status (P <0.001, x* test) (Fig. 4). The base substitution
analysis showed that patients with DNAH mutations
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Fig. 2 Estimates of the clinical outcome were made among patients who were stratified on the basis of DNAH mutations. Subgroups were
compared with the log-rank test. The Kaplan—-Meier analyses of overall survival (a), progression-free survival (b), fluoropyrimidine-free survival (c),
and platinum-free survival of individuals (d) with gastric cancer in TCGA are shown
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Fig. 3 Clinical outcome with regard to chemotherapy-related survival. The subgroups were compared with the log-rank test. The Kaplan-Meier
analyses of chemotherapy-free survival (a), fluoropyrimidine-free survival (b), and platinum-free survival (c) in individuals with gastric cancer in TCGA
are shown
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Table 1 Univariate and multivariate models for overall survival and progression-free survival in 132 gastric cancer
patients who underwent chemotherapy in The Cancer Genome Atlas (TCGA)

Characteristic

Univariate analysis

Multivariate analysis

HR (95% ClI) P value HR (95% ClI) P value
Overall survival
DNAH status 0.510(0.276-0.0941) 0.031 0.457 (0.235-0.886) 0.021
TNM stage 1.841(1.081-3.147) 0.025 1.367 (0.794-2.353) 0.259
RO resection 4.699 (2.021-10.927) <0.001 4459 (1.689-11.773) 0.003
Grade 1.170 (0.636-2.152) 0.614
Age at diagnosis, y 1.014 (0.985-1.044) 0.343
Progression-free survival
DNAH status 0.544 (0.291-1.016) 0.056
TNM stage 0.952 (0.597-1.518) 0.873
RO resection 0.139 (0.746-8.157) 0.139
Grade 2.303(1.097-4.837) 0.028 2.303 (1.097-4.837) 0.028
Age at diagnosis, y 0.996 (0.966-1.026) 0.773

Statistically significant values are in italics

Table 2 Univariate and multivariate models for chemotherapy-free survival in gastric cancer patients who underwent

chemotherapy in The Cancer Genome Atlas (TCGA)

Characteristic

Univariate analysis

Multivariate analysis

HR (95% ClI) P value HR (95% ClI) P value
Chemotherapy-free survival
DNAH status 0456 (0.248-0.848) 0.011 0.446 (0.233-0.856) 0.015
TNM stage 1.767 (1.010-3.092) 0.046 1.275(0.716-2.268) 0.409
RO resection 5.780 (2.464-13.558) <0.001 5.289 (2.097-13.341) <0.001
Grade 1.327(0.722-2.439) 0361
Age at diagnosis, y 1.010 (0.982-1.308) 0.482
Fluoropyrimidine-free survival
DNAH status 0.518(0.264-0.014) 0.055
TNM stage 1485 (1.189-5.192) 0.016 2.080 (0.961-4.502) 0.063
RO resection 6.295 (2.338-16.963) <0.001 5.136 (1.848-14.275) 0.002
Grade 1429 (0.794-2.575) 0.234
Age at diagnosis, y 1.019 (0.986-1.053) 0.269
Platinum-free survival
DNAH status 0.217 (0.061-0.768) 0.018 0.137 (0.030-0.629) 0.011
TNM stage 1.716 (0.761-3.872) 0.193
RO resection 4.184 (1.172-14.932) 0.027 5.116 (1.415-18.501) 0.013
Grade 1415 (0454-4.411) 0.550
Age at diagnosis, y 1.000 (0.959-1.044) 0.988

Statistically significant values are in italics

were not limited to any of the six types of base transi-
tions or transversions (C>T, C>A, C>G, A>G, A>C
and A>T) (Fig. 5). It was previously reported that a
high mutation rate was correlated with a better prog-
nosis in patients with endometrial [19], ovarian [20]
and colorectal [21] cancer. Therefore, we analyzed the

relationship between mutation rate and prognosis in
the TCGA cohort in our study. We suppose the case
with one-third of the topmost mutation number as the
high mutation group and the remaining two-thirds as
the low mutation group. However, the survival curve
did not show a similar result to a previous report
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Fig. 4 Association of DNAH mutations with mutation spectra in the TCGA cohort. a Exome-wide mutation frequencies in terms of the number of
mutations (vertical axis) detected for each tumor (horizontal axis) in order of the decreasing number of mutations in each patient group stratified
according to DNAH mutations. b Patients'MS status and response to chemotherapy are also shown
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Fig. 6 Kaplan—-Meier analyses of overall survival, progression-free survival, and chemotherapy-free survival in patients stratified by mutation
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of cancer-related genes, including the DNAH genes.
Analysis of the data showed that DNAH mutation sta-
tus, TNM stage and RO resection are risk factors for
OS, PFES or chemotherapy-free survival. To validate the
association between mutations in the DNAH genes and
the response to chemotherapy, we controlled for clin-
icopathological variables when selecting the patients.
All 64 included patients had similar clinicopathologic
characteristics (including TNM stage III cancer, poor
differentiation, radical operation and postoperative
chemotherapy) but substantially different prognoses.
All patients received eight cycles of postoperative adju-
vant chemotherapy with the combined use of platinum-
based chemotherapy and fluoropyridines. Thirty-two
patients who were determined to be chemoresistant
died within 12 months of their operations. The other
32 patients who survived more than 48 months after
their operations were determined to be chemosensi-
tive. Twenty-seven patients in the cohort had muta-
tions in the DNAH genes (Additional file 1: Table S2),
and the distribution of mutations is shown in Fig. 7. The
chemotherapy response rate was 70.4% for patients with
DNAH mutation vs 35.1% for patients with wild-type
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DNAH genes (P=0.005, x> test). With regard to the
clinicopathological variables, the results showed that
DNAH mutations were not related to tumor grade, sex
or age.

Discussion

Recurrence and metastasis after surgery is a major cause
of treatment failure in patients with gastric cancer and
contributes to the high mortality rate [22]. Although
postoperative adjunct chemotherapy has been routinely
used in advanced gastric cancer patients, tumor recur-
rence and progression are sometimes unavoidable [23].
Drug resistance is a major problem affecting treatment
outcomes, and it has been the focus of recent research.
The prediction of chemosensitivity in gastric cancer
patients is important for the development of personalized
treatment, with each patient treated according to his epi-
genetic and genetic background [24]. The ability to pre-
dict chemosensitivity is still lacking in clinical practice.
Through the statistical analysis of data from TCGA, it has
been reported that some novel gene variants are associ-
ated with chemotherapy response [20]; TCGA includes
a large amount of data from different types of malignant
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tumors. In this study, we found that compared with wild-
type DNAH genes, DNAH gene mutations in gastric can-
cer patients were significantly correlated with a higher
chemotherapy response rate and better prognosis accord-
ing to our analysis of data from TCGA. Moreover, we val-
idated the results obtained from TCGA analysis through
targeted sequencing of samples from our own cohort and
we found that DNAH mutations were correlated with an
improved response to chemotherapy. Thus, compared
with gastric cancer patients with wild-type DNAH genes,
those with DNAH mutations are more likely to benefit
from chemotherapy. Of course, DNAH mutations cannot
act as the sole predictors of chemosensitivity, and some
patients with DNAH mutations had chemoresistant gas-
tric cancer and poor outcomes.

Dynein axonemal heavy chain genes encode the
axonemal dynein heavy chain protein, and alterations
in DNAH genes have been initially detected in patients
with primary ciliary dyskinesia [25, 26], sperm immobil-
ity [27] and some other diseases caused by cilia dysfunc-
tion. In recent years, alterations of DNAH genes have
been frequently reported in several types of malignant
tumors. For the first time, we identified an association
between DNAH mutations and clinical outcomes in gas-
tric cancer patients who were treated with chemotherapy.
Structurally, dynein heavy chains are responsible for
force production and ATPase activity, and they contain
a highly conserved catalytic domain with 4 P-loop con-
sensus motifs that is involved in nucleotide binding [28].
Two major classes of dynein, axonemal and cytoplasmic,
have been identified. Axonemal dynein, found in cilia
and flagella, are components of the outer or inner dynein
arms attached to the microtubule doublets. There are no
recurrent somatic mutation sites, as in BRCA2 and some
other drug resistance-related genes.

Functionally, DNAH proteins affect ATPase activity
[29], are involved in microtubule motor activity [30] and
participate in several biological processes, such as cilium
assembly, cilium movement and inner/outer dynein arm
assembly [31]. In summary, axonemal heavy chain genes
play important roles in ciliary assembly and cell motility.
Thus, mutant DNAH genes may affect dynein motor com-
plex functions, changing the microtubule-binding ability.
Axonemal dyneins are involved in cilium- or flagellum-
dependent motility, which might suggest a link between
DNAH proteins and cell movement. Different types of
cancer-related DNAH gene variants have been reported.
DNAH2, DNAH5 and DNAH10 have been reported to
have an elevated incidence of nonsynonymous single-
nucleotide mutations and indels in CIMP-positive clear
cell renal cell carcinomas [32]. An integrated analysis
of RNA-Seq data and qRT-PCR results revealed that
DNAHS5 may play an important role in the development
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of colorectal cancer, and it might be useful for diagnosis,
prognosis prediction and therapy [33]. DNAHS8 has been
reported to be a novel regulator of the androgen recep-
tor that is associated with metastatic tumors and poor
prognosis in patients with prostate cancer [34]. In inva-
sive micropapillary carcinomas of the breast, DNAH9
has a substantially elevated mutation rate [35]. Consider-
ing the above evidence, DNAH genes may exert an effect
on cancer development. As previously mentioned, the
heavy chain protein of axonemal dynein that is encoded
by the DNAH family of genes is an important component
of microtubules. Microtubules have been reported as
being important targets in cancer treatment. Mutations in
DNAH genes influence the function of axonemal dynein
and may further affect the structure of microtubules.
Because the movement of tumor cells depends on this
biological dynamic structure, we speculate that DNAH
gene mutations may lead to the loss of function of these
dynamic units; thus, DNAH gene mutations could be a
protective factor, predisposing patients to a good progno-
sis and an improved chemotherapy response.

According to the results of previous studies, genetic
instability could result in different responses to DNA-dam-
aging agents [36]. A high mutation rate has been shown
to be associated with a better prognosis in patients with
malignant tumors, such as colorectal cancer and ovarian
cancer. Nevertheless, we did not find a similar tendency in
the 132 patients in TCGA who underwent chemotherapy.
Platinum is a commonly used agent in chemotherapy for
gastric cancer. The results from the analysis of the data
from TCGA demonstrated that different chemotherapy
responses may depend on the degree of sensitization
to platinum, which was significantly different between
DNAH-mutated and wild-type patients; the same result
was not seen for fluoropyrimidine. On the basis of our
results, although the DNAH gene mutation rate was corre-
lated with genetic instability, the association with chemo-
sensitivity was dependent on the chemotherapeutic agent.

We found that DNAH gene mutations are related to
the response to chemotherapy in gastric cancer patients
in this study; however, the mechanism underlying this
correlation remains unclear. More studies are needed to
clarify the underlying biological mechanism and evaluate
the clinical values of DNAH gene mutations as predictors
of chemosensitivity in gastric cancer patients.

Conclusions

Using whole-exome sequencing data from TCGA, we iden-
tified DNAH genes as a novel group of chemosensitivity-
related genes. The reliability of this result was verified
by targeted sequencing of our own samples. Compared
with patients with wild-type DNAH genes, gastric cancer
patients with DNAH gene mutations were associated with
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longer survival times and higher chemotherapy sensitiv-
ity rates. This finding may indicate that DNAH mutations
could be a clinical predictor of chemotherapy sensitivity.
DNAH gene mutations may be an important addition to
the existing chemotherapy response predictors.

Additional file
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SNV. Table S2. DNAH mutations in our cohort with 64 FFPE samples of
gastric adenocarcinoma.

Abbreviations

TCGA: The Cancer Genome Atlas; OS: overall survival; FFPE: formalin-fixed-
paraffin-embedded; BWA: Burrows—Wheeler Aligner; GATK: Genome Analysis
Toolkit; DHCs: dynein heavy chains; DNAH: dynein axonemal heavy chain; Cl:
confidence interval.

Authors’ contributions

GZ conceived and designed the study. CZ and QY analyzed the TCGA data-
base and exon-sequencing database. JX, ZZ and WZ checked the statistical
result. DX and YZ collected the FFPE samples of gastric cancer patients. CZ
wrote the manuscript with input of all authors. All authors read and approved
the final manuscript.

Author details

! Department of Gastrointestinal Surgery, Ren Ji Hospital, School of Medicine,
Shanghai Jiao Tong University, 160 Pujian Road, Shanghai 200127, People’s
Republic of China. ? State Key Laboratory of Oncogenes and Related Genes,
Shanghai Cancer Institute, Ren Ji Hospital, School of Medicine, Shanghai Jiao
Tong University, Shanghai, People’s Republic of China.

Acknowledgements
The authors would like to express our sincere thanks for sharing the data from
The Cancer Genome Atlas (TCGA) database.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
All data generated or analyzed during this study are included either in this
article or in the additional files.

Consent for publication
Not applicable.

Ethics approval and consent to participate

The research protocol was approved by ethics committee of Ren Ji Hospital,
Shanghai Jiao Tong University School of Medicine. All subjects who partici-
pated in this research provided written informed consent.

Funding

This work was supported by project grants to Natural Science Foundation of
China (81602062), and Projects of Shanghai Municipal Health Commission
(2017BR043).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 1 January 2019 Accepted: 29 March 2019
Published online: 03 April 2019

Page 10 of 11

References

1.

20.

Ferlay J, Soerjomataram |, Dikshit R, Eser S, Mathers C, Rebelo M, Parkin
DM, Forman D, Bray F. Cancer incidence and mortality worldwide:
sources, methods and major patterns in GLOBOCAN 2012. Int J Cancer.
2015;136:E359-86.

Chia NY, Tan P. Molecular classification of gastric cancer. Ann Oncol.
2016;27:763-9.

Sanford M. Trastuzumab: a review of its use in HER2-positive advanced
gastric cancer. Drugs. 2013;73:1605-15.

Gomez-Martin C, Lopez-Rios F, Aparicio J, Barriuso J, Garcia-Carbonero

R, Pazo R, Rivera F, Salgado M, Salud A, Vazquez-Sequeiros E, Lordick F. A
critical review of HER2-positive gastric cancer evaluation and treatment:
from trastuzumab, and beyond. Cancer Lett. 2014;351:30-40.

Roviello G, Ravelli A, Polom K, Petrioli R, Marano L, Marrelli D, Roviello F,
Generali D. Apatinib: a novel receptor tyrosine kinase inhibitor for the
treatment of gastric cancer. Cancer Lett. 2016;372:187-91.

Brower V. Apatinib in treatment of refractory gastric cancer. Lancet Oncol.
2016;17:e137.

Group G, Paoletti X, Oba K, Burzykowski T, Michiels S, Ohashi Y, Pignon JP,
Rougier P, Sakamoto J, Sargent D, et al. Benefit of adjuvant chemotherapy
for resectable gastric cancer: a meta-analysis. JAMA. 2010;303:1729-37.
Xu'W, Yang Z, Lu N. Molecular targeted therapy for the treatment of
gastric cancer. J Exp Clin Cancer Res. 2016;35:1.

GaoY, Cui J, Xi H, Cai A, Shen W, Li J, Zhang K, Wei B, Chen L. Association
of thymidylate synthase expression and clinical outcomes of gastric
cancer patients treated with fluoropyrimidine-based chemotherapy: a
meta-analysis. Onco Targets Ther. 2016;9:1339-50.

Sasako M, Terashima M, Ichikawa W, Ochiai A, Kitada K, Kurahashi |,
Sakuramoto S, Katai H, Sano T, Imamura H. Impact of the expression of
thymidylate synthase and dihydropyrimidine dehydrogenase genes on
survival in stage II/Ill gastric cancer. Gastric Cancer. 2015;18:538-48.

. Grau JJ, Caballero M, Monzo M, Munoz-Garcia C, Domingo-Domenech

J,Navarro A, Conill C, Campayo M, Bombi JA. Dihydropyrimidine dehy-
drogenases and cytidine-deaminase gene polymorphisms as outcome
predictors in resected gastric cancer patients treated with fluoropyrimi-
dine adjuvant chemotherapy. J Surg Oncol. 2008;98:130-4.

Baek SK, Kim SY, Lee JJ, Kim YW, Yoon HJ, Cho KS. Increased ERCC expres-
sion correlates with improved outcome of patients treated with cisplatin
as an adjuvant therapy for curatively resected gastric cancer. Cancer Res
Treat. 2006;38:19-24.

lvanova T, Zouridis H, Wu Y, Cheng LL, Tan IB, Gopalakrishnan V, Ooi CH,
Lee J,Qin L, Wu J, et al. Integrated epigenomics identifies BMP4 as a
modulator of cisplatin sensitivity in gastric cancer. Gut. 2013;62:22-33.
Yu J, Gao J, Lu Z, Gong J, Li Y, Dong B, Li Z, Zhang X, Shen L. Combina-
tion of microtubule associated protein-tau and beta-tubulin lll predicts
chemosensitivity of paclitaxel in patients with advanced gastric cancer.
Eur J Cancer. 2014;50:2328-35.

Chen K, Yang D, Li X, Sun B, Song F, Cao W, Brat DJ, Gao Z, Li H, Liang

H, et al. Mutational landscape of gastric adenocarcinoma in Chi-

nese: implications for prognosis and therapy. Proc Natl Acad Sci USA.
2015;112:1107-12.

Lordick F, Lorenzen S, Yamada Y, llson D. Optimal chemotherapy for
advanced gastric cancer: is there a global consensus? Gastric Cancer.
2014;17:213-25.

Kubota T, Weisenthal L. Chemotherapy sensitivity and resistance testing:
to be “standard” or to be individualized, that is the question. Gastric
Cancer. 2006;9:82-7.

Totoki Y, Tatsuno K, Covington KR, Ueda H, Creighton CJ, Kato M, Tsuji

S, Donehower LA, Slagle BL, Nakamura H, et al. Trans-ancestry muta-
tional landscape of hepatocellular carcinoma genomes. Nat Genet.
2014;46:1267-73.

Cancer Genome Atlas Research N, Kandoth C, Schultz N, Cherniack AD,
Akbani R, Liu Y, Shen H, Robertson AG, Pashtan |, Shen R, et al. Inte-
grated genomic characterization of endometrial carcinoma. Nature.
2013;497:67-73.

LiuY, Yasukawa M, Chen K, Hu L, Broaddus RR, Ding L, Mardis ER, Spell-
man P, Levine DA, Mills GB, et al. Association of somatic mutations of
ADAMTS genes with chemotherapy sensitivity and survival in high-grade
serous ovarian carcinoma. JAMA Oncol. 2015;1:486-94.

. Cancer Genome Atlas N. Comprehensive molecular characterization of

human colon and rectal cancer. Nature. 2012;487:330-7.


https://doi.org/10.1186/s12967-019-1867-6

Zhu et al. J Trans| Med

22.

23.

24.

25.

26.

27.

28.

29.

(2019) 17:109

Spolverato G, Ejaz A, Kim Y, Squires MH, Poultsides GA, Fields RC, Schmidt
C, Weber SM, Votanopoulos K, Maithel SK, Pawlik TM. Rates and patterns
of recurrence after curative intent resection for gastric cancer: a United
States multi-institutional analysis. J Am Coll Surg. 2014;219:664-75.
Corso S, Giordano S. How can gastric cancer molecular profiling guide
future therapies? Trends Mol Med. 2016;22:534-44.

Horlings HM, Shah SP, Huntsman DG. Using somatic mutations to guide
treatment decisions: context matters. JAMA Oncol. 2015;1:275-6.
Knowles MR, Leigh MW, Carson JL, Davis SD, Dell SD, Ferkol TW, Olivier KN,
Sagel SD, Rosenfeld M, Burns KA, et al. Mutations of DNAH11 in patients
with primary ciliary dyskinesia with normal ciliary ultrastructure. Thorax.
2012,67:433-41.

Li'Y, Yagi H, Onuoha EO, Damerla RR, Francis R, Furutani Y, Tarig M,

King SM, Hendricks G, Cui C, et al. DNAH6 and its interactions with

PCD genes in heterotaxy and primary ciliary dyskinesia. PLoS Genet.
2016;12:1005821.

Ben Khelifa M, Coutton C, Zouari R, Karaouzene T, Rendu J, Bidart M,
Yassine S, Pierre V, Delaroche J, Hennebicq S, et al. Mutations in DNAHT,
which encodes an inner arm heavy chain dynein, lead to male infertility
from multiple morphological abnormalities of the sperm flagella. Am J
Hum Genet. 2014;94:95-104.

Ross JL, Wallace K, Shuman H, Goldman YE, Holzbaur EL. Processive
bidirectional motion of dynein—-dynactin complexes in vitro. Nat Cell Biol.
2006;8:562-70.

Roberts AJ, Malkova B, Walker ML, Sakakibara H, Numata N, Kon T, Ohkura
R, Edwards TA, Knight PJ, Sutoh K, et al. ATP-driven remodeling of the
linker domain in the dynein motor. Structure. 2012;20:1670-80.

31

32.

33.

34.

35.

36.

Page 11 of 11

Neesen J, Koehler MR, Kirschner R, Steinlein C, Kreutzberger J, Engel

W, Schmid M. Identification of dynein heavy chain genes expressed in
human and mouse testis: chromosomal localization of an axonemal
dynein gene. Gene. 1997,200:193-202.

Fliegauf M, Benzing T, Omran H. When cilia go bad: cilia defects and
ciliopathies. Nat Rev Mol Cell Biol. 2007;8:880-93.

Arai E, Gotoh M, Tian Y, Sakamoto H, Ono M, Matsuda A, TakahashiY,
Miyata S, Totsuka H, Chiku S, et al. Alterations of the spindle checkpoint
pathway in clinicopathologically aggressive CpG island methylator phe-
notype clear cell renal cell carcinomas. Int J Cancer. 2015;137:2589-606.
Xiao WH, Qu XL, Li XM, Sun YL, Zhao HX, Wang S, Zhou X. Identification
of commonly dysregulated genes in colorectal cancer by integrating
analysis of RNA-Seq data and gqRT-PCR validation. Cancer Gene Ther.
2015;22:278-84.

Wang Y, Ledet RJ, Imberg-Kazdan K, Logan SK, Garabedian MJ. Dynein
axonemal heavy chain 8 promotes androgen receptor activity and associ-
ates with prostate cancer progression. Oncotarget. 2016;7:49268-80.
Gruel N, Benhamo V, Bhalshankar J, Popova T, Freneaux P, Arnould L, Mari-
ani O, Stern MH, Raynal V, Sastre-Garau X, et al. Polarity gene alterations in
pure invasive micropapillary carcinomas of the breast. Breast Cancer Res.
2014;16:R46.

Webber EM, Kauffman TL, O'Connor E, Goddard KA. Systematic review of
the predictive effect of MSI status in colorectal cancer patients undergo-
ing 5FU-based chemotherapy. BMC Cancer. 2015;15:156.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Somatic mutation of DNAH genes implicated higher chemotherapy response rate in gastric adenocarcinoma patients
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Patients and study design
	Whole-exon sequencing data analysis
	Targeted-exon sequencing of DANH genes and data analysis
	Statistical analysis

	Results
	Association of DNAH genes mutations with the chemotherapy response in TCGA gastric cancer patients
	Association of DNAH mutations with TCGA gastric cancer patients survival
	Association of DNAH genes mutations with chemotherapy-free survival rates
	Association of DNAH mutations with mutation spectra
	Validation of the association between DNAH mutation and chemo-sensitive rate

	Discussion
	Conclusions
	Authors’ contributions
	References




