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Abstract
Background: This study aimed to examine and screen patients for potential biomarkers for the diagnosis
of unresponsive wakefulness syndrome (UWS).

Methods: Patients with UWS, patients who regained consciousness (RC; patients in a minimally
conscious state), and patients who had emerged from the minimally conscious state were evaluated
using the Coma Recovery Scale-Revised (CRS-R). Cerebrospinal fluid (CSF) was collected from five
healthy controls and 10 patients (5 UWS; 5 RC). Two-dimensional electrophoresis and proteomic analysis
were used to examine and identify differentially expressed proteins in the CSF.

Results: Compared with the control group, there were at least six proteins expressed at higher levels and
two proteins expressed at lower levels in the CSF of the RC group than in the CSF of the UWS group.
However, expression of vitamin D-binding protein (VDP) showed a further increase of 4.52-fold, that of
DNA replication licensing factor mini-chromosome maintenance 4 (MCM4) showed a reduction of -20.61-
fold, and that of hemoglobin subunit beta reversed to -8.34-fold in the UWS group. Another converse
expression was of protein coenzyme Q-binding protein COQ10 homolog A (COQ10A), which was -4.31-
fold in the RC group and 1.51-fold in the UWS group, compared to the control group. Expression of other
proteins demonstrated an ascending trend in the RC group compared to the control group.

Conclusions: The three differentially expressed proteins, VDP, DNA replication licensing factor MCM4, and
hemoglobin subunit beta, may be involved in consciousness maintenance. This study identified potential
biomarkers for UWS and will provide new insights into the pathogenesis of UWS.

Introduction
Patients suffering from severe brain injury may fall into a coma and develop a variety of different clinical
awareness states. Some patients progress to unresponsive wakefulness syndrome (UWS) [1], in which
the patient appears to be awake, with cycles of eye closure and opening. These patients show no signs of
awareness, defined in terms of “purposeful or voluntary responses.” Other patients may improve and
occasionally present inconsistent but reproducible “purposeful or voluntary responses.” These patients
are considered to be in a minimally conscious state (MCS), and their limited but definite behaviors are
considered evidence of self or environmental awareness [2]. Current studies mostly focus on the
diagnosis, prognosis, differentiation between UWS and MCS, management of the MCS, or promotion of
recovery from coma [3–7]. Given the ethical limitations of research in these areas, the molecular
mechanisms of UWS or MCS are lacking. Thus, to date, few studies have explored the biological
mechanism of UWS or MCS, and biomarkers for these conditions remain undetected.

Cerebrospinal fluid (CSF) is composed of a few small molecular substances such as salt, and peptides,
as well as relatively large molecules, including proteins and enzymes, among others. Because CSF is
located in the cerebral ventricle and subarachnoid space and is in close contact with the extracellular
space of the brain, it is believed that many of the biochemical modifications in the brain should be
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reflected in the CSF, and biomarkers originating from it may shed light on the pathophysiology and
severity of diseases. Therefore, CSF has been investigated with the aim of understanding the
pathogenesis of neurological diseases such as Parkinson’s disease and Huntington’s disease [8–10]. In
general, UWS/MCS patients experience traumatic brain injury (TBI) or cerebral vascular accidents,
accompanied by disruption of the blood-brain barrier. The detection of protein biomarkers for TBI will not
only reveal the severity of the injury but also predict the type of injury and prognosis in patients with
disorders of consciousness (DOC). In addition, TBI biomarkers can also be used to monitor patients'
responses to treatment [11]. CSF studies have shown that major components extracted from CSF
inflammation profiles can predict the prognosis of severe craniocerebral injury survivors [12]. In addition,
age, brain-derived neurotrophic factor (BDNF) genotype, and BDNF levels are also considered
mortality/outcome predictors [13]. In addition to CSF studies, protein differences in the plasma have been
used to identify new biomarkers for diagnosis and prognosis. Bao et al. screened differentially expressed
proteins (DEPs) in patients with chronic consciousness disorder and healthy individuals and found that
alpha-1 antitrypsin level was correlated with the level of consciousness measured using the Coma
Recovery Scale-Revised (CRS-R) [14] scores and could be predictive of patients’ outcomes [15]. However,
whether there are other potential biomarkers of UWS in the CSF remains unknown. Accordingly, we
examined and screened various biomarkers with the aim of identifying appropriate biomarkers for UWS
compared to patients who regained consciousness (RC).

Methods And Materials

Participants
Patients were recruited from the Wujing Hospital of Hangzhou City (Hangzhou, China) from February
2012 to June 2013. Ten patients with TBI were included, and five healthy controls without any history of
prior neurological diseases were also recruited (Table 1). Exclusion criteria for the healthy controls
included (1) documented history of tumor, (2) presence of infections, and (3) any other polytrauma[14].
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Table 1
Clinical data of control and DOC patients

Groups Patient ID Sex Age(years) Time from injury (days) CRS-R score Average

Control 1 M 60 - - -

2 F 30 - - -

3 F 26 - - -

4 M 45 - - -

5 F 52 - - -

UWS 1 M 35 733 5(1-0-2-1-0-1) 3.6

2 M 53 118 4(0-0-2-1-0-1)

3 F 63 147 5(1-1-1-1-0-1)

4 M 37 22 3(0-0-2-1-0-0)

5 M 55 26 1(0-0-0-1-0-0)

RC 1 F 49 56 16(3-4-5-2-0-2) 21.6

2 F 60 124 23(4-5-6-3-2-3)

3 M 55 40 23(4-5-6-3-2-3)

4 M 75 57 23(4-5-6-3-2-3)

5 M 59 167 23(4-5-6-3-2-3)

CRS-R, coma recovery scale-revised; UWS, unresponsive wakefulness syndrome; RC, regained
consciousness; DOS, disorders of consciousness; M, male; F, female.

Procedure
The behavioral assessment and collection of CSF samples were performed on the day of admission to
our rehabilitation unit and within 12 h after admission. The patients were first assessed by classical
clinical neurological examination, and the level of consciousness was diagnosed using the CRS-R. The
collection of CSF samples and the CRS-R assessment were performed 3 months after admission on the
same day (Figure 1).

The study was approved by the ethics committee of the Rehabilitation Center for Brain Damage of Wujing
Hospital. Written informed consent was obtained from the patients’ legal surrogates or from health
controls.

Behavioral assessments
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The behavior of all DOC patients was assessed using the CRS-R scale, which consists of 23 hierarchically
arranged items that comprise six subscales addressing auditory, visual, motor, promotor/verbal,
communication, and arousal processes [15].

CSF Sample Collection and Handling
CSF collection was performed according to the routine protocol at the Wujing Hospital of Hangzhou City.
Briefly, 8 ml of CSF was collected in siliconized polypropylene tubes. The first 2 ml of CSF was sent to the
local laboratory for routine testing in the hospital. The rest was centrifuged at 2000 g for 10 min at room
temperature, transferred into new 15-mL precooled siliconized polypropylene tubes, and stored at −80°C
for further analysis. Since CSF biomarkers remain stable for at least two freeze-thaw cycles [16], the
freeze-thaw in the present study was not expected to contribute to the total variance associated with each
biomarker measurement.

Protein extraction
After thawing, CSF samples of the same volume from the same group were mixed. CSF (20 ml) was
added to the centrifuge tube and sonicated intermittently for 10 s, followed by a 10 s cooling period. This
process was repeated 15 times. After sonication, the samples were centrifuged at 12 000 g for 30 min at
4°C. The supernatant was removed into Millipore Amicon and centrifuged at 4400 × g for 30 min; the
filtered liquid was collected into a new tube, and the sample protein concentration was detected using a
2-D Quant kit (GE Healthcare, UK).

Two-dimensional electrophoresis
Two-dimensional electrophoresis was performed as previously described [17]. Briefly, 400 µg of protein
sample from CSF was diluted with a hydration solution (8 mol/L urea, 13 mmol/L DTT, 0.5% IPG buffer,
2% CHAPS, 0.002% bromophenol blue) to a total volume of 450 µl and loaded on the IPG Ready Strip
(Bio-rad, USA) with the method of in-gel swelling, with two replicates per sample. After isoelectric
focusing electrophoresis was performed with the following protocols (30 V, 12 h; 500 V, 500 Vhr; 1000 V,
1000 Vhr; 8000 V, 8000 Vhr), the strips were equilibrated for 15 min in equilibrium liquid 1 (6 mol/L urea,
50 mmol/L Tris, 1% DTT, 30% glycerol, 2% SDS, 0.002% bromophenol blue) and equilibrium liquid 2 (6
mol/L urea, 50 mmol/L Tris, 4% iodoacetamide, 30% glycerol, 2% SDS, 0.002% bromophenol blue). The
secondary dimensional separation was performed using 12.5% SDS-PAGE gel electrophoresis (30 W for
45 min followed by incubation at 90 W for 6 h).

Image scanning and software analysis
At the end of electrophoresis, the gels were transferred to a staining box for silver staining. The obtained
electrophoretograms of different samples were scanned using a UMAX Image Scanner (GE Healthcare,
UK) at 300 pixels per square inch, and then analyzed using Image Master 2D Plantinum 6.0, software (GE
Healthcare, UK) for point identification, background elimination, point matching, and analysis of
differential proteins as described [17]. Each sample was analyzed in triplicate to reduce experimental
errors. Scanning and analysis software (Mascot,v2.5) was used to scan and analyze the silver-stained
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gel, with a scanning resolution of 200 dpi. Intra-group matching was performed first, and inter-group
matching was completed. Proteins with ratios greater than 1.5-fold [18] or less than 1.5-fold among
groups were selected as differentially expressed proteins (p < 0.05).

In gel digestion and mass spectrometry
The interesting protein spots were cut off from the 2-DE gels after sliver staining and were washed three
times with Milli-Q water followed by the following protocols. First, every spot was destained by washing
with a 1:1 solution of 30 mM potassium ferricyanide and 100 mM sodium thiosulfate, and then
equilibrated in 200 mM ammonium bicarbonate for 20 min. Next, the spots were dehydrated with
acetonitrile after washing twice with Milli-Q water and then dried in a SpeedVac (Eppendorf, USA) for 30
min. Subsequently, the spots were rehydrated with 5 µl trypsin solution (20 ng/µl in 200 mM NH4HCO3)
and incubated at 37 ℃ for 12 h. Finally, after washing twice with 30 µl of 50% acetonitrile and 5%
trifluoroacetic acid, 1 µl of the peptide mixture was mixed with an equal volume of cyano-4-
hydroxycinnamic acid (10 mg/ml; Sigma, USA) saturated with 50% acetonitrile in 0.05% trifluoroacetic
acid, and detected by a matrix-assisted laser desorption/ionization time of light matrix-assisted laser
desorption/ionization time of flight mass spectrometry (MALDI-TOF- Mass Spectrometer) (4800
Proteomics Analyzer, Applied Biosystems, USA) as described [17].

Results

Population
Ten patients with TBI (7 males), aged–35-60 years, were included, and the time since injury ranged from
22 to 733 days. Five healthy controls (2 males; mean age 52.5 y) without any history of prior neurological
diseases were also recruited (Table 1). When reassessed at 3 months, 5 patients appeared to be in UWS,
as demonstrated by sustained unconsciousness with an average CRS-R score of 3.6 (UWS group; 4 men
and 1 woman), and the other 5 patients regained signs of consciousness with an average CRS-R score of
21.6 (RC group; 3 males and 2 females)[14]. Detailed information about the patients’ clinical data and
CRS-R scores are presented in Table 1.

Differential analysis of proteome
We investigated the proteome profile in the CSF of healthy subjects, patients in the RC group, and in the
UWS group using two-dimensional electrophoresis and gel-based proteomics technology. There were at
least six protein spots (spots 1, 3, 4, 5, 7, and 8) expressed at higher levels and two protein spots (spots 2
and 6) expressed at lower levels on the gel of CSF from the RC group. These protein spots for the control,
RC, and UWS groups are shown in Figure 2A.

Identification of differently expressed proteins
MALDI-TOF-MS was used to identify the differentially expressed proteins. Eight proteins were detected:
vitamin D-binding protein (VDP), coenzyme Q-binding protein COQ10 homolog A (COQ10A),
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apolipoprotein A-IV (Apo A-IV), transthyretin (TTR), zinc finger BED domain-containing protein 1 (ZBED1),
DNA replication licensing factor MCM4 (MCM4), keratin type II cytoskeletal 1 (Krt1), and hemoglobin
subunit beta (HGβ). Detailed information regarding these proteins is provided in Table 2. The available
proteins were compared among the three groups (Table 3).

 
Table 2

Information about the differently expressed proteins in the CSF
POS Protein name Mr pI Database Number

1 Vitamin D-binding protein 52929 5.4 sp|P02774|VTDB_HUMAN

2 Coenzyme Q-binding protein COQ10
homolog A, mitochondria

27668.1 9.81 sp|Q96MF6|CQ10A_HUMAN

3 Apolipoprotein A-IV 45371.5 5.28 sp|P06727|APOA4_HUMAN

4 Transthyretin 15877 5.52 sp|P02766|TTHY_HUMAN

5 Zinc finger BED domain-containing protein
1

78105.6 5.79 sp|O96006|ZBED1_HUMAN

6 DNA replication licensing factor MCM4 96497.6 6.28 sp|P33991|MCM4_HUMAN

7 Keratin, type II cytoskeletal 1 65999 8.15 sp|P04264|K2C1_HUMAN

8 Hemoglobin subunit beta 15988.3 6.75 sp|P68871|HBB_HUMAN

POS: position of series; Mr: Relative molecular mass; pI: isoelectric point; CSF: Cerebrospinal fluid

Table 3. Comparison of the eight proteins among the three inter-groups 

UWS: unresponsive wakefulness syndrome; RC: regained consciousness

As shown in Figure 2B and Figure 3, compared to the healthy control group, the expression of VDP, Apo A-
IV, TTR, ZBED1, Krt1, and HGβ increased in the RC group by 2.25-fold, 3.29-fold, 8.24-fold, 4.24-fold, 8.9-
fold, and 7.39-fold, respectively. In contrast, levels of COQ10A and MCM4 were 4.31-fold lower and 2.54-
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fold lower in the RC group than in the control group, respectively. To explore the potential biomarkers that
may indicate the consciousness status or evaluation of therapeutic efficacy in UWS patients, we further
analyzed the expression of these differentially expressed proteins in the UWS group. As shown in Figure
2B and Figure 3, the expression of VDP showed a further increase as high as 4.52-fold in the UWS group
compared to the healthy group, and the expression of the other up-regulated proteins demonstrated a
1.55-fold decrease in Apo A-IV, 3.51-fold in TTR, 2.37-fold in ZBED1, and 1.22-fold in Krt1. The expression
of HGβ was reversed to as low as -8.34-fold in the UWS group. In addition, levels of COQ10A increased
1.51-fold in the UWS group compared to the control group, although it was 4.31-fold lower in the RC
group than in the control group. Finally, based on the 2.54-fold downregulation in the RC group, the
expression of MCM4 showed a further reduction of -20.61-fold in UWS patients (Figures 2B and 3). Taken
together, the three differentially expressed proteins, VDP, MCM4, and HGβ, may be involved in not only
brain injury, but also consciousness maintenance.

Discussion

Vitamin D-binding protein
VDP, also known as Gc-globulin, has a molecular weight of approximately 58 kDa, belongs to the albumin
gene family, and is primarily synthesized in the liver [19]. It is a secretory protein that has been detected in
plasma and CSF at high concentrations [20, 21]. VDP is a multifunctional protein because it contains
binding sites for several proteins and molecules, including vitamin D, C5a, actin, fatty acids, and
endotoxins. Thus, the primary function of VDP is to act as a transport protein for vitamin D and its
metabolites or fatty acids [22]. In addition, it exerts several other important physiological functions, such
as macrophage modulation, osteoclast activation, and chemotaxis [22]. One of the most important roles
of VDP is to scavenge extracellular toxic actin, which is released into the extracellular space after cell
death; VDP interacts with and sequesters monomeric actin and inhibits its polymerization [22]. Several
studies have demonstrated that the level of VDP in CSF is increased not only in patients with hepatic
failure, diabetes, and multiple sclerosis, but also in those with Alzheimer’s disease (AD), suggesting that
VDP may act as an actin scavenger [21] and play a role in the pathology of AD [23, 24]. These findings
have prompted researchers to explore the functions of extracellular VDP in AD. Recently, Moon et al.
reported that VDP interacts directly with both the Aβ1-42 monomer and oligomer, resulting in reduced
aggregation of Aβ, which results in the suppression of AD pathogenesis in vitro [25]. In an Aβ-triggered AD
mouse model, VDP administration improved Aβ-associated impairment of cognitive function by inhibiting
synaptic degeneration [25]. In the present study, we found that levels of VDP in CSF in the RC group were
higher than those in the healthy control group, with further improvement in the UWS group. It is
understandable that the level of VDP in the UWS group was higher than that in the RC group, which may
have a smaller lesion. Whether there is any protein or molecule specific to consciousness that could
combine with VDP remains unknown.

DNA replication licensing factor MCM4
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Another protein that may be a good biomarker of the UWS is MCM4, which acts as a component of the
Mcm 2-7 complex (Mcm complex) and is the putative replicative helicase essential for “once per cell
cycle” DNA replication initiation and elongation in eukaryotic cells [26]. In fact, eukaryotic DNA synthesis
initiates from multiple replication origins and progresses through bidirectional replication forks to ensure
efficient duplication of the genome. Temporal control of initiation from origins and regulation of
replication fork functions are important aspects for maintaining genome stability. Multiple kinase-
signaling pathways, including Dbf4-dependent Cdc7 kinase (DDK), cyclin-dependent kinase (CDK), and
Mec1, are involved in these processes by targeting the structurally disordered N-terminal serine/threonine-
rich domain (NSD) of mini-chromosome maintenance subunit 4 (Mcm4), a subunit of the mini-
chromosome maintenance (MCM) replicative helicase complex [27, 28]. Newly published data by Sheu et
al. demonstrated that under replication stress, the temporal pattern of origin activation and DNA
replication fork progression are altered in cells with mutations within two separate segments of the
Mcm4 NSD. Thus, MCM 4 may be a potential intrinsic regulatory domain that integrates multiple signals
to coordinate origin activation and replication fork progression under stress conditions [29]. Another
study identified a mutation in MCM4 characterizing a new DNA replication disorder. Aside from a
phenotype similar to other DNA repair and replication disorders, including increased chromosomal
fragility, pre- and postnatal growth retardation, and variable immune deficiency, one study demonstrated
that a mutation in MCM4 in a cohort of patients from the Irish Traveler community also led to adrenal
insufficiency, and NK cell deficiency [30]. MCM4 is a part of the MCM2-7 complex as a replicative helicase
essential for normal DNA replication and genome stability in all eukaryotes. We observed that the protein
levels of MCM4 were lower in the CSF of RC patients compared to controls, and further decreased in UWS
patients, suggesting that it is possible that our patients may have an increased risk of neoplastic change
or degradation alteration in the brain. Currently, however, there is no data showing a link between MCM4
and neurological diseases. In addition, immunoblotting of MCM4 mutation patient lymphocytes showed
loss of the full-length 96-kDa MCM4 protein as predicted from RNA analysis, but also showed evidence of
a smaller, 85-kDa MCM4 isoform [30]. Whether there is structural alteration of MCM4 in the CSF of our
patients remains to be investigated.

Hemoglobin subunit beta
In addition, we observed a much higher level (7.39-fold increase) of HGβ in patients in the RC group
compared to the control group, which was reversed in UWS patients (8.34-fold decrease compared to
control). Hemoglobin is the main oxygen and carbon dioxide carrier in cells of the erythroid lineage and is
responsible for oxygen delivery to the respiratory tissues of the body. HGβ is a component of a larger
protein called hemoglobin, which consists of four globin subunits (α2β2) [31]. By detecting slight
differences between the oxygenation-sensitive bands of alpha and beta subunits, the beta subunits were
found to have a higher affinity for oxygen than the alpha subunits [32], indicating the important role of
the beta subunit in gas transportation and oxygen supply.

Functional magnetic resonance imaging (fMRI) and positron emission tomography (PET) are widely used
to detect residual brain function in UWS, providing useful information for diagnosis and prognosis, and
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an opportunity to study the neural correlates of consciousness [4, 33–35]. Using PET blood flow studies,
Laureys et al. demonstrated that simple noxious somatosensory, auditory and visual stimuli typically
activated “lower level” primary cortices in patients in UWS, but failed to show robust activation in higher
order associative cortices [5, 7, 36, 37]. In our previous study, fMRI was used to study cerebral activation
to the subject’s own name uttered by a familiar voice and the association of cortical activation with
recovery in UWS patients. Two UWS patients who showed “higher level” activation recovered three
months after the fMRI study, while none of the five UWS patients, who only showed “primary level”
activation, recovered [3]. Using neuroimaging data as a tool to herald recovery of some level of
consciousness has been supported by several other studies [6, 38, 39]. Given that the principle of PET or
fMRI is to detect the hemodynamic signals or oxygen content in blood and the function of hemoglobin
subunit beta is to carry oxygen, our findings in the present study indicate that the level of hemoglobin
subunit beta may be a potential biomarker for the conscious prognosis of patients with disorders of
consciousness.

Although we observed increased levels of Apo A-IV, TTR, ZBED1, and Krt1 and decreased levels of
COQ10A in the RC group compared to the control group, their levels decreased to a lesser extent in the
UWS group. The role these molecules play in brain injury and whether they could serve as useful markers
for UWS remain to be elucidated.

Limitations
In summary, the present study provides insight into the pathogenesis of UWS and identifies potential
biomarkers for UWS. However, this study has some limitations. First, since our study enrolled a small
number of patients, the consistency of the results require clarification in subsequent experiments. Indeed,
due to ethical issues, access to CSF from patients with disorders of consciousness and from healthy
individuals was limited. Another limitation is the number of CRS-R; only one was used for the diagnosis,
which represents a rate of potential misdiagnosis of 30%. Future investigations should follow the
evolution of these biomarkers from onset to better understand patients’ neurological recovery. These
limitations restrained our ability to determine the relationship between CSF biomarkers and patient
prognosis. Finally, these proteins were not further confirmed by western blotting or ELISA (both methods
were used to identify the presence of a substance and analyze protein levels in the samples). Hence,
further studies with a large sample, including patients with UWS, as well as those in MCS minus and MCS
plus, and a linear modulation of these biomarkers to the level of consciousness are necessary to predict
consciousness progression.
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UWS: Unresponsive wakefulness syndrome

RC: Patients who regained consciousness
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Figure 1

Study procedure.
CSF: Cerebrospinal fluid; CRS-R: Coma Recovery Scale-Revised; UWS, unresponsive
wakefulness syndrome; RC, regained consciousness
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Figure 2

Representative electrophoresis image of proteins from cerebrospinal fluid of control and patients.
Representative two-dimensional electrophoresis image of proteins from cerebrospinal fluid of control and
patients with consciousness regaining after treatment and patients in unresponsive wakefulness
syndrome after treatment. A, The proteome maps of cerebrospinal fluid. The numbered spots denote
proteins that exhibited modified expression levels relative to control group. B, Magnified representative
spots showing intensity quantification for differentially expressed proteins; a, the control group (healthy
subjects); b, patients with consciousness regaining after treatment; c, patients in unresponsive
wakefulness syndrome after treatment. Number 1 denotes VDP, Vitamin D-binding protein; Number 2
denotes COQ10A, Coenzyme Q-binding protein COQ10 homolog A, mitochondria; Number 3 denotes Apo
A-IV, Apolipoprotein A-IV; Number 4 denotes TTR, Transthyretin; Number 5 denotes ZBED1, Zinc finger
BED domain-containing protein 1; Number 6 denotes MCM4, DNA replication licensing factor MCM4;
Number 7 denotes Krt1, Keratin, type II cytoskeletal 1; Number 8 denotes HGβ, Hemoglobin subunit beta.
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Figure 3

Protein quantification.
The analyzed quantification of stain intensity of proteins shown in Figure 2. VDP,
Vitamin D-binding protein; COQ10A, Coenzyme Q-binding protein COQ10 homolog A, mitochondria; Apo A-
IV, Apolipoprotein A-IV; TTR, Transthyretin; ZBED1, Zinc finger BED domain-containing protein 1; MCM4,
DNA replication licensing factor MCM4; Krt1, Keratin, type II cytoskeletal 1; HGβ, Hemoglobin subunit
beta.


