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Structure and function of DEAH-box helicase
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Abstract. DEAH-box helicase 32 (DHX32) is an RNA heli-
case with unique structural characteristics that is involved
in numerous biological processes associated with RNA,
including ribosome biosynthesis, transcription, mRNA
splicing and translation. Increasing evidence suggests that
abnormal DHX32 expression contributes to cancer initiation
and development, due to dysregulated cell proliferation, differ-
entiation, apoptosis and other processes. In the current review,
the discovery, structure and function of DHX32, as well as
the association between abnormal DHX32 expression and
tumors are discussed. DHX32 expression is downregulated in
acute lymphoblastic leukemia, but upregulated in solid tumors,
including colorectal and breast cancer. Furthermore, DHX32
expression levels are associated with the pathological and
clinical features of the cancer. Therefore, DHX32 may serve
as a novel liquid biopsy marker for auxiliary diagnosis and
prognosis screening, as well as a possible target for cancer
therapy. The molecular mechanism underlying the contribu-
tion of DHX32 towards the initiation and development of
cancer requires further investigation for the development of
anticancer treatments based on manipulating DHX32 expres-
sion and function.
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1. Introduction

RNA helicases are a class of enzymes that regulate the
structure and function of RNAs by utilizing the energy of
nucleoside triphosphate (NTP) to unwind the secondary struc-
ture of RNAs, which interferes with protein interactions in
certain cases (1). The amino acid sequence of RNA helicases
is characterized by the existence of two typical RecA-like
helicase domains, the RecAl domain and the RecA2 domain
(Fig. 1). The conserved motifs I, Ia, Ib and IIT are located in
the RecAl domain, whereas the conserved motifs IV, V and
VI are located in the RecA2 domain (2). The non-conserved
N-terminal domain (NTR) and C-terminal domain (CTR) are
located at both ends of the catalytic core domain. The NTR
and CTR domains determine the expression pattern, subcel-
lular localization and substrate specificity of the enzyme (3.4).
According to the amino acid sequence and structure, RNA
helicases can be divided into six super-families (SF) 1-6,
among which SF2 contains the most members (5). SF2 contains
8-9 highly conserved motifs, including motifs Q, I, Ia, Ib, II,
III, IV, V and VI, each of which display a distinct function.
Motifs I, II, VI and Q bind to NTP and catalyze hydrolysis;
motifs Ia, Ib and IV primarily bind to RNA substrates; and
motifs IIT and V connect the NTP binding and RNA recogni-
tion sites, promoting NTP-dependent RNA unwinding (6,7).
Based on the amino acid sequence of conserved motif II,
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SF2 are divided into two subfamilies: DEAD-box helicase
and DEAH-box helicase (DEAH), which are named after the
amino acid sequence Asp(D)-Glu(E)-Ala(A)-Asp(D)/His(H)
of motif II, referred to as DDX and DHX, respectively (8).
Non-conserved domains and conserved motifs 8-9 determine
several important biological properties of RNA helicases,
including splicing, transportation, translation initiation, RNA
degradation and ribosome synthesis (Fig. 1) (9).

Emerging evidence suggests that numerous RNA helicases
are dysregulated in tumor tissues: DDX1 is highly expressed in
neuroblastoma and retinoblastoma (10) and breast cancer (11);
DDX?2A is highly expressed in melanoma (12) and hepatocel-
lular carcinoma (13); DDX3 is upregulated in breast (14) and
liver cancer (15); DDX48 is upregulated in gastric cancer (16);
DDX43 is upregulated in acute myeloid leukemia (17) and lung
cancer (18); and DDXS5 and DDXG6 are upregulated in colorectal
cancer (19,20). In contrast, DDX3 is downregulated in certain
types of liver and lung cancer (21). Moreover, DHX32 is down-
regulated in acute lymphocytic leukemia, but upregulated in
colorectal and breast cancer (Table I) (10,12,13,17-36). The
aforementioned studies indicate that the abnormal expression
of RNA helicases is significantly associated with cancer initia-
tion and development.

2. Discovery of RNA helicase DHX32

DHX32 is a helicase of the DHX family that was discovered
in 2002 by Abdelhaleem (37) based on the similarity to the
amino acid sequence of the DDX15 helicase domain. The
potentially encoded sequence FLJ10889 (accession no. XM
045832) was identified by performing a National Center for
Biotechnology Information non-redundant protein database
search, which was then used to search the expressed sequence
tag database to obtain the overlapping expressed sequence
tags (AL599197) with 5' ends. The full-length sequence was
confirmed via reverse transcription-PCR amplification and
sequencing, and DHX32 was identified as the DEAH helicase
homolog. At the same time, a variant transcript (DHX32A5)
with a 243-bp deletion in exon 5 was also identified. Both
DHX32 and DHX32A5 were confirmed by cloning from
HL-60 bone marrow leukemia cells (37,38).

3. Structure of DHX32 gene

Human DHX32 coding sequence (Gene ID: 55760) is located
on chromosome 10q26.2. The gene contains 12 exons and
the full-length mRNA (Genbank: AF427340) is 3071 bp in
length (Fig. 2). Exon 1 contains a CpG island, which serves
as a potential distant promoter. Exon 2 contains the proximal
promoter, which contains the TATA box sequence. DHX32
RNA in the thymus and viscera are transcribed from both the
distal (Genbank: XM 017016404.1) and proximal promoters
(Genbank: NM 018180.2). DHX32 transcripts in the bone
marrow are only transcribed from the proximal promoter
(Genbank: NM 018180.2) (38). Although the two set of
DHX32 RNA contain different 5'-untranslated regions, they
share the same translational initiation ATG codon. The use
of different promoters represents a layer of regulation for the
tissue- and developmental stage-specific gene expression of
DHX32 (39).

The coding sequence of DHX32 encompasses 11 exons.
DHX32 protein contains 743 amino acids, with a molecular
weight of 84 kDa (Genbank: NM_018180.2). In addition,
alternative splicing of DHX32 mRNA yields the DHX32A5
variant, which has a 243-bp deletion in exon 5 (Genbank:
AF427341). The corresponding protein has a deletion of 81
residues (284aa-364aa) and a molecular weight of 75 kDa.
However, which promoter is used for this variant mRNA has
not yet been identified (Fig. 2) (38).

4. Helicase activity of DHX32

Compared with other members of the DEAH family, DHX32
has a unique helicase domain sequence that is character-
ized by the presence of amino acid substitutions in all eight
motifs (Fig. 3) (37). Motifs I and II are the ATP-binding sites.
Structural-based analyses demonstrate that not only the lysine in
motif I, but also the aspartate, glutamine and histidine residues
in motif Il are critical for enzymatic activity (40). Except for the
glutamine residue in motif II, which is replaced by aspartate,
all other key amino acids are conserved. Therefore, it is likely
that DHX32 is ATPase active. However, compared with the
traditional DEAH family, the serine-alanine-threonine (SAT)
domain in motif IIT of the DHX32 is replaced by the serine-
serine-proline (SSP) domain (Fig. 3), which is involved in ATP
hydrolysis and RNA unwinding (41). Several key residues in
the QRxGRxGR sequence of motif VI are not conserved in
DHX32. Since the QRXxGRxXGR domain is the key site for
nucleic acid substrate binding (42), it is likely that DHX32 may
not display substrate binding and thus, will not display helicase
activity. In addition to containing a SSP motif III, DHX32A5
also has a deletion of motif V (Fig. 3), which connects the ATP
binding and RNA recognition sites required for the unwinding
of RNA (7). Therefore, it is speculated that DHX32AS5 displays
a lower helicase activity compared with DHX32.

5. Subcellular location of DHX32

DHX32 is widely distributed in human tissues, including the
bone marrow, thymus, spleen, rectum and breast. Confocal
microscopy revealed that DHX32 is localized in the nucleus
and mitochondria of HeLa cells (43). RNA helicases that
regulate mRNA transcription and splicing are located in the
nucleus, whereas those that regulate translation are located in
the cytoplasm (44). The location of DHX32 in the nucleus and
mitochondria reflects the diversity of its functions. Electron
microscope immunocytochemistry revealed that DHX32
is localized in the mitochondria of mouse hepatocytes (45),
and is localized in the nucleus and the inner mitochondrial
membrane in HL-60 leukemia cells (43). Iborra et al (46)
demonstrated that newly synthesized RNA molecules of mito-
chondria accumulate along the inner membrane. Alli et al (43)
double stained cells with anti-bromouridine and anti-DHX32
antibodies, demonstrating DHX32 mitochondria localization,
which was similar to the position of newly synthesized RNA
in mitochondria. Collectively, the aforementioned studies
indicate that DHX32 is involved in regulating mitochondrial
gene expression. Heat shock protein 60 (Hsp60), an important
molecular chaperone, is primarily distributed in the mito-
chondria in Jurkat cells. Chen et al (47) reported that when



ONCOLOGY LETTERS 21: 382, 2021 3

’ RecAl domain

RecA2 domain

DEAD

DDX N—{Q {1 {1}

n]—[mH—HIV]—(v —( H-c

’RecAl domain l

RecA2 domain

DEAH

DHX N — (1 —{a—m—{

n]—{m]—%{w]—[v J—{ w1 H—C

[ATP binding and hydrolysis ] [ RNA binding] [ Coordination between RNA and ATP binding }

Translation

‘ Splicing ‘

Transport Metabolism

Figure 1. Conserved functional domains in DEAD/H helicases. The motifs are colored according to their biochemical functions: Orange, a motif that binds
and hydrolyzes ATP; purple, a motif that regulates the binding of RNA to ATP; blue, a motif that binds double-stranded RNA of a nucleic acid substrate.

Table I. Association between RNA helicases and tumors.

RNA helicases Associated tumor Expression level (Refs.)
DDX1 Neuroblastoma, retinoblastoma Upregulated (10)
DDX2A Melanoma, hepatocellular carcinoma Upregulated (12,13)
DDX4 Ovarian cancer, blood-derived cancer Upregulated (22,23)
DDX3 Breast, liver cancer/liver, lung cancer Up/downregulated 21
DDX5 Colorectal, prostate, breast cancer Upregulated (19,24)
DDX6 Gastric cancer, colorectal cancer Upregulated (20,25)
DDX11 Invasive melanoma, lung adenocarcinoma Upregulated (26,27)
DDX17 Colorectal cancer Upregulated (24)
DDX39 Hepatocellular carcinoma, lung cancer Upregulated (29,30)
DDX43 Acute myeloid leukemia, lung cancer Upregulated (17,18)
DDX48 Gastric cancer, vaginal carcinoma Upregulated (31,32)
DDX53 Gastric, cervical and lung cancer Upregulated (33,34))
DHX9 Lung cancer Upregulated (35)
DHX15 Glioma Upregulated (36)
DHX32 Colorectal cancer/acute lymphocytic leukemia Up/downregulated (37,52)

DHX32 is highly expressed, Hsp60 was transferred from
the mitochondria to the cytoplasm in Jurkat cells. Therefore,
DHX32 may also regulate the redistribution of mitochondrial-
associated proteins, and then, may regulate gene expression in
both the nucleus and mitochondria.

6. DHX32 and cell differentiation

DHX32 expression is different in normal lymphoid tissues. In
lymphoid follicles, DHX32 expression is higher in lympho-
cytes at the germinal center compared with the mantle region.
In the spleen, lymphocytes of red pulp express higher levels of
DHX32 compared with the white pulp. In the thymus, DHX32
expression is higher in the thymic medulla compared with
the thymic cortex (38). The aforementioned results indicate
that DHX32 expression in normal lymphoid tissues is asso-

ciated with lymphocyte activation and differentiation status.
Further studies demonstrate that DHX32 expression is low in
precursor T lymphoblastic lymphoma derived from precursor
cells of acute lymphoblastic leukemia, and high in large B-cell
lymphoma derived from mature lymphocytes. Furthermore,
DHX32 expression in CD4 and CD8 double-negative cells
and double-positive cells is significantly lower compared with
single-positive cells, indicating that DHX32 expression is
positively correlated with lymphocyte proliferation and differ-
entiation (48). Overall, DHX32 expression is closely associated
with cell proliferation, differentiation and apoptosis.

7.DHX32 and cancer

DHX32 and hematological tumors. In 2002, by using RNA
hybridization, Abdelhaeem (37) demonstrated that DHX32
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Figure 3. Schematic diagram of the homology regions of DEAH subfamily, DHX32 and DHX32AS. The unique amino acids in DHX32 are marked in red. The

alternative spliced motif V (340-349) is absent in the DHX32AS splice variant.

was downregulated in acute lymphocytic leukemia cells and
patients' cancer cells. T cell lines, precursor B cell lines and
precursor B cell lymphocytic leukemia samples from patients
also displayed downregulation of DHX32 expression, indi-
cating that DHX32 downregulation is not restricted to a specific
lymphocyte lineage. Interestingly, there were no significant
differences in other DEAH expression levels, including DDX15
and DDXO9, in the myeloid and lymphoid lines (37), suggesting
that downregulated RNA helicase expression is DHX32-
specific. In 2005, immunohistochemical staining demonstrated
that DHX32 expression was low in follicular lymphoma and
Burkitt lymphoma, but is high in mantle cell lymphoma, large
B-cell lymphoma and Reed-Steenberg cells of nodular sclerotic
Hodgkin lymphoma with a higher degree of malignancy (38).
The aforementioned finding provided evidence that DHX32
expression is dysregulated in lymphoma, and the expression
level is significantly different in various types of tumor tissues.
The higher the malignancy, the more significant the alterations
in DHX32 expression levels are, which suggests the potential of

DHX32 to serve as a novel biomarker for lymphoma prognosis.
A study recruiting 28 patients with primary chemotherapy-
resistance leukemia was conducted by McNeer et al (49). The
aforementioned study reported that DHX32 gene deletions
were the cause of chemotherapy-resistance in pediatrics with
acute myeloid leukemia. Moreover, the frequency of DHX32
mutant allele was increased from 14 to 39% after chemo-
therapy. The cBioPortal of TCGA pan-cancer repository
(RRID: SCR_014555, URL: https://www.cbioportal.org/) was
used to explore DHX32 functionality in big data. There were
31 studies (12,845 samples) in myeloid leukemia and lymphoid
leukemia. These data were analyzed by using a log-rank test
(R package survival) and found that the DHX32 missense
mutations are associated with the poor prognosis of patients in
myeloid leukemia and lymphocytic leukemia. These findings
confirm that DHX32 is abnormally expressed in hematological
tumors and is associated with the malignancy of the tumor,
further demonstrating the potential of DHX32 as a prognostic
biomarker in leukemia.
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Figure 5. Prediction mechanism of DHX32 regulates tumor angiogenesis.

In 2006, it was reported that DHX32 expression was signifi-  transcribed from the proximal promoter was expressed in
cantly upregulated when co-stimulated by CD3 and CD28  activated Jurkat cells. The proximal promoter of DHX32 has
antibodies, or stimulated by phorbol 12-myristate 13-acetate, a binding site for the nuclear transcription factor nuclear factor
or ionomycin alone in Jurkat cells with low background of activated T-cells (NFAT) (50). It was speculated that DHX32
DHX32 expression (50). Noteworthy, only the mRNA isoform  expression could be regulated by NFAT during T cell activation.
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Forced expression of DHX32 in Jurkat cells did not affect cell
proliferation and the response to chemotherapeutic agents,
including actinomycin D and etoposide. However, forced
DHX32 expression downregulated the expression of antiapop-
totic protein c-FLIP was associated with the Fas signaling
pathway and promoted apoptosis. In normal peripheral blood
lymphocytes, co-stimulation with phytohemagglutinin, and
CD3 and CD28 antibodies upregulated the expression of
DHX32 and c-FLIP, and inhibited apoptosis (51). Therefore,
it has been proposed that DHX32 overexpression can increase
the response to apoptosis associated with Fas signaling by
regulating the expression of c-FLP protein, contributing to
tumorigenesis (Fig. 4).

DHX32 and solid tumors.In 2009, by using mRNA differential
display PCR to screen the progression and metastasis-specific
markers of colorectal cancer, Huang er al (52) reported that
DHX32 expression in colorectal cancer was higher compared
with adjacent non-cancerous tissues, and the expression was
significantly associated with tumor thrombus formation,
lymph node metastasis, histological grade and Dukes stage of
the cancer, indicating that abnormal DHX32 expression may
be involved in colorectal cancer initiation and progression.
Furthermore, Lin et al (53) discovered that DHX32 promoted
colorectal cell proliferation, invasion and migration. The
quantitative PCR analyses identified that genes involved in cell
proliferation, apoptosis, invasion and migration were regulated
by DHX32, which included VEGFA. Further research demon-
strated that DHX32 increased the transcriptional regulatory
activity of -catenin, which is an upstream regulator of the
VEGFA gene. DHX32 upregulation inhibited -catenin ubiq-
uitination, prolonged the half-life of B-catenin and improved
the stability of f-catenin, thus promoting VEGFA expression.
DHX32 knockdown significantly inhibited colorectal cancer
xenograft growth and angiogenesis in nude mice (54). The
results indicated that DHX32 induces VEGFA expression by
augmenting -catenin signaling, thereby promoting angiogen-
esis in colorectal cancer (Fig. 5).

In solid tumors, DHX32 expression has been evaluated
in pathological samples. In colorectal cancer, the association
between DHX32 expression levels and clinical pathology was
analyzed in 139 colorectal cancer tissues and 93 corresponding
adjacent non-cancerous tissues via immunohistochemistry. The
results demonstrated that DHX32 was upregulated in colorectal
cancer tissues compared with adjacent tissues, and DHX32
expression was associated with tumor microvascular density,
degree of differentiation and poor patient prognosis (54).
Similarly, in a cohort of 193 patients with breast cancer,
DHX32 mRNA and protein expression levels were increased
compared with adjacent non-cancerous tissues, and there was
statistical significance between DHX32 expression and breast
cancer clinical stage, histological grade, lymph node metastasis
and proliferation marker Ki-67. Kaplan-Meier survival analysis
revealed that increased DHX32 expression was associated with
poor prognosis in breast cancer. Moreover, the Cox propor-
tional hazard model suggested that DHX32 expression was an
independent prognostic factor for low survival and disease-free
survival in breast cancer (55). In summary, DHX32 expres-
sion is upregulated in colorectal and breast cancer, and its
expression is significantly associated with the occurrence,

development and poor prognosis of the cancer, indicating that
DHX32 might serve as a novel biomarker for colorectal and
breast cancer.

8. Perspective and future direction

DHX32 has a unique helicase domain that contains eight
conserved motifs that are different from other RNA helicases.
The variation of these conserved amino acid residues does
not affect the ATPase activity, but does alter the unwinding
activity. The function of RNA helicase does not simultane-
ously depend on ATPase activity and unwinding activity.
Alternative splicing is a post-transcriptional modification
process that allows a gene to encode multiple proteins that have
similar structures but different functions. Abnormal splicing
is closely associated with cancer initiation and progression.
Some splicing variants are specifically expressed in tumor
tissues and can be used as biomarkers for tumor diagnosis and
targets for cancer treatments (56). DHX32 has two isomers;
however, whether their ATPase and helicase activities are
similar, whether they share same expression pattern in cancer
and how they affect cancer cell growth, differentiation and
survival are not completely understood and require further
investigation.

DHX32 expression is significantly upregulated in colorectal
and breast cancer. In addition, the abundance of DHX32 in
colorectal and breast cancer is associated with the clinical and
pathological features of the patients. DHX32 does not have a
signal peptide and is an intracellular protein. However, several
non-secretory proteins, including DDX48 helicase (16) and
hsp70 (57,58), can be detected in the circulation and serve as
biomarkers for cancer, since overexpressed proteins in cancer
cells are often discharged into the circulation. Thus, whether
DHX32 proteins can be detected in peripheral blood of the
patients requires further investigation. In addition, additional
bioinformatics analyses are required to establish the asso-
ciation between the abundance of DHX32, and clinical and
pathological features of samples. Therefore, developing a novel
method for assessing DHX32 protein in peripheral blood and
liquid biopsy samples, and determining whether DHX32 can
serve as a biomarker for screening, diagnosis and prognosis
of colorectal and breast cancer are important for translational
medicine.

DHX32 expression is dysregulated in cancer cells,
indicating its potential as a target for anticancer treatment.
However, this is an under-explored area of research as
the majority of current efforts to develop drugs targeting
helicase are focused on DDX3 (59,60). RK-33 is a small
molecule inhibitor that binds to the ATP-binding site of
DDX3, inhibiting its enzyme activity. Preclinical studies
have reported that RK-33 is a promising drug for treating
breast cancer. It was hypothesized that DHX32 may serve
as a target for controlling the Wnt signaling pathway, thus
could be used for the treatment of colorectal and breast
cancer. However, the structure of DHX32 has not been
previously reported. Therefore, the molecular structure of
DHX32 should be identified to facilitate the development of
drugs to target DHX32.

DHX32 is a multifunctional protein that regulates ribo-
some biosynthesis, transcription, splicing and translation
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of mRNA, as well as numerous other biological activities.
DHX32 serves important roles in cell proliferation, differ-
entiation and apoptosis, promoting cancer initiation and
progression, as well as tumor angiogenesis. Interestingly, in
human acute lymphoblastic leukemia, DHX32 expression is
downregulated, but in colorectal and breast cancer, DHX32
expression is significantly upregulated. The mechanism under-
lying abnormal DHX32 expression in tumors is not completely
understood; therefore, further investigation is required.
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