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ARTICLE INFO ABSTRACT
Keywords: Tissue specificity, a key factor in the decellularized tissue matrix (DTM), has shown bioactive functionalities in
Tissue specificity tuning cell fate—e.g., the differentiation of mesenchymal stem cells. Notably, cell fate is also determined by the

Decellularized tissue matrix
Intervertebral disc
Differentiation

YAP1

living microenvironment, including material composition and spatial characteristics. Herein, two neighboring
tissues within intervertebral discs, the nucleus pulposus (NP) and annulus fibrosus (AF), were carefully processed
into DTM hydrogels (abbreviated DNP-G and DAF-G, respectively) to determine the tissue-specific effects on stem
cell fate, such as specific components and different culturing methods, as well as in vivo regeneration. Distinct
differences in their protein compositions were identified by proteomic analysis. Interestingly, the fate of human
bone marrow mesenchymal stem cells (hBMSCs) also responds to both culturing methods and composition.
Generally, hBMSCs cultured with DNP-G (3D) differentiated into NP-like cells, while hBMSCs cultured with DAF-
G (2D) underwent AF-like differentiation, indicating a close correlation with the native microenvironments of NP
and AF cells, respectively. Furthermore, we found that the integrin-mediated RhoA/LATS/YAP1 signaling
pathway was activated in DAF-G (2D)-induced AF-specific differentiation. Additionally, the activation of YAP1
determined the tendency of NP- or AF-specific differentiation and played opposite regulatory effects. Finally,
DNP-G and DAF-G specifically promoted tissue regeneration in NP degeneration and AF defect rat models,
respectively. In conclusion, DNP-G and DAF-G can specifically determine the fate of stem cells through the
integrin-mediated RhoA/LATS/YAP1 signaling pathway, and this tissue specificity is both compositional and
spatial, supporting the utilization of tissue-specific DTM in advanced treatments of intervertebral disc
degeneration.

1. Introduction diseases that disturbs the musculoskeletal system [1]. However, the
commonly used clinical treatments, such as surgical operations, local
Intervertebral disc degeneration (IDD) is one of the most common blocking and medical conservative therapies, have not reached certain

Abbreviations: IDD, intervertebral disc degeneration; DTM, decellularized tissue matrix; NP, nucleus pulposus; AF, annulus fibrosus; MSC, mesenchymal stem cell;
2D, two-dimensional; 3D, three-dimensional; YAP1, yes-associated protein 1; FNP, fresh nucleus pulposus; FAF, fresh annulus fibrosus; DNP, decellularized nucleus
pulposus; DAF, decellularized annulus fibrosus; DNP-G, decellularized nucleus pulposus hydrogel; DAF-G, decellularized annulus fibrosus hydrogel; ECM, extra-
cellular matrix; Col I-S, collagen type I solution; DNP-S, decellularized nucleus pulposus solution; DAF-S, decellularized annulus fibrosus solution.
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satisfaction [2] Thus, seeking new therapeutic strategies for IDD is an
urgent mission for clinical researchers.

Biomaterial-based therapy, by focusing on biomechanical restora-
tion, has drawn increased attention in recent decades. The intervertebral
disc comprises three significantly different tissues, the nucleus pulposus
(NP), annulus fibrosus (AF) and cartilage endplate [3]. Among them, NP
and AF are the main tissues for withstanding the mechanical stress and
mobility of the spine [4]. Therefore, biomaterials designed for inter-
vertebral disc regeneration are mainly considered to repair NP or AF [5].
NP repair restores the motion characteristics and physical properties of
the target segments by NP tissue rehydration or NP replacement [6].
Biomaterials for NP replacement have focused mainly on injectable
synthetic or biologically based hydrogels [7-9]. These hydrogels are
mainly derived from non-degradable polyacrylates and polyacrylamides
[10,11] and degradable hyaluronic acid, collagen in the extracellular
matrix and chitosan [8,12]. However, these implanted materials often
failed to regulate the post-injury microenvironment, and tissue degen-
eration, water loss and inflammatory reaction often appeared in situ [13,
14]. Regarding AF, structural repair is a hot spot. Many strategies have
been proposed to repair the herniation site, including mesh attachment,
void filling, and collagen reconstruction [15-17]. However, bio-
materials designed for the regeneration and integrity of AF defects have
not yet observed satisfying clinical outcomes [5].

Recently, an increasing number of studies have been conducted to
assess the effects of cell therapy for IDD [18]. Several favorable results
have been observed for stem cell therapy of IDD. Although transplanted
mesenchymal stem cells (MSC) can differentiate into intervertebral disc
(IVD) cells and significantly promote extracellular matrix (ECM) syn-
thesis in IVD tissues [19] and improve the clinical outcome of IDD pa-
tients [20], unexpected findings such as a low survival rate and
uncontrolled multidirectional differentiation of MSCs were observed in
some studies without suitable carrier materials [21,22].

Many studies have shown that the decellularized tissue matrix (DTM)
can remove immunogenicity and retain most of the functional compo-
sitions (cytokines, matrix-bound nanovesicles, or peptides) and micro/
nanostructure of the native tissue [23]. Hydrogels derived from different
DTM have attracted increased attention such as implanting them
directly into the body to facilitate regeneration or as a carrier of cells,
drugs and other proteins through a minimally invasive injection [23].
More interestingly, DTM hydrogels can not only function as physical
carriers but also have tissue specificity that regulates cell fate. For
example, decellularized extracellular matrix hydrogels derived from the
liver, heart, skin and cornea induced tissue-specific gene patterns in
human bone marrow mesenchymal stem cells (hBMSCs) [24].
Urea-extracted DTM hydrogels from tendons and cartilage induced the
multi-directional differentiation of mesenchymal stem cells (MSCs) with
different gene expression patterns, in which the TGF-p signaling
pathway might be engaged in this tissue-specific effect [25]. A hydrogel
derived from the spinal cord (DSCM-gel) facilitated neural stem/pro-
genitor cells (NSPCs) differentiation into neurons using an in vitro 3D
cultural model and provided a suitable microenvironment for endoge-
nous stem/progenitor cell recruitment in vivo [26]. Inspired by these
results, we speculated how decellularized NP and AF hydrogels (denoted
DNP-G and DAF-G, respectively) affect the fate of MSCs without adding
external factors when these two types of hydrogel materials are used as
MSC carriers. This information is critical to apply this type of material in
a suitable form (hydrogel or electrospun fibers) in IDD repair in vivo
(with/without stem cells). Additionally, NP is a centralized fibrogelati-
nous core comprising aggrecan and collagen type II, while AF comprises
a multilayer structure of aligned collagen type I [27,28]. How do the
differences between NP and AF tissues in composition and spatial
microstructure play a role in the differentiation of MSCs into NP-like
cells or AF-like cells?

In addition to compositional variation, the spatial characteristics of
the cell living microenvironment also alter the cell fate of stem cells.
Several studies have shown that the three-dimensional (3D)
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environment provides additional stimuli for osteogenic differentiation
[29-31]. Recent studies have found that NSPCs differentiated into
neurons for 3D culture, while NSPC differentiation into astrocyte-like
cells became more significant using two-dimensional (2D) culture [26,
32]. Additionally, 2D and 3D cultures showed significant differences in
myofibroblast differentiation properties. Specifically, in contrast to
findings on 2D hydrogels, myofibroblast differentiation in 3D was
inversely correlated with hydrogel stiffness but positively correlated
with matrix fibers [33]. Therefore, the spatial characteristics of the
cellular microenvironment generated by NP and AF hydrogels, partic-
ularly the culture microenvironments (2D and 3D), might also signifi-
cantly influence stem cell differentiation, considering the differences in
the microenvironment of NP and AF cells, which have received little
attention so far.

In this study, two hydrogels (DNP-G and DAF-G) were fabricated
from decellularized NP and AF tissues and the components of these
hydrogels were confirmed using proteomic analysis. To investigate the
role of environmental characteristics on hBMSCs behaviors, including
proliferation and directed differentiation, isolated hBMSCs were co-
cultured with DNP-G and DAF-G in 2D/3D models, respectively. Next,
integrin/Rho/YAP1 signaling was evaluated, and YAP1 regulation was
performed to identify its role in directing hBMSCs differentiation
correlated to the compositional and spatial specificity of the environ-
ment. Finally, we assessed the different regenerative efficacies of DNP-G
and DAF-G on the IDD model (Fig. 1).

2. Results

2.1. Decellularization, fabrication and characterization of DNP-G and
DAF-G

After the decellularization of fresh NP and AF (denoted as FNP and
FAF, respectively), hematoxylin and eosin (H&E) staining showed
almost complete removal of the cell nuclei and a loose extracellular
structure in both the DNP and DAF (Fig. 2a). Similarly, immunostaining
by DAPI showed that most of the cellular contents were removed
(Fig. 2b). Compared with the DNA content in FNP and FAF (241.61 +
37.16 ng/mg and 306.99 + 16.25 ng/mg, respectively), the residual
DNA contents in DNF and DAF were 23.09 + 8.51 ng/mg and 22.91 +
6.72 ng/mg, respectively, which were both lower than the internation-
ally recognized criterion (50 ng/mg) [34], suggesting the high efficiency
of our protocol for decellularization processing (Fig. 2c). Because
glycosaminoglycan (GAG) and collagen comprises the major compo-
nents of the ECM, GAG and collagen quantitative analysis was applied to
assess the retention of ECM components after decellularization. The
GAG quantitative values for FNP, DNP, FAF and DAF were 13.65 + 0.25
pg/mg, 10.32 + 1.36 pg/mg, 4.88 + 0.77 pg/mg, and 3.99 + 0.11
pg/mg, respectively (Fig. 2d). The collagen contents for FNP, DNP, FAF
and DAF were 80.28 + 7.27 pg/mg, 54.07 + 4.02 pg/mg, 86.4 + 4.88
pg/mg, and 70.34 + 8.05 pg/mg, suggesting that the majority of ECM
components was preserved after decellularization (Fig. 2e).

SEM analysis was performed to identify the DTM microstructure.
Compared with the nanofiber diameters of FNP (91.82 + 9.12 nm) and
FAF (98.12 + 12.07 nm), DNP-G and DAF-G also showed adequate
assembled fibrous structures after decellularization, digestion and
gelation. The size of nanofibers increased slightly to 89.1 + 12.64 nm
and 104.38 £ 23.04 nm (Fig. 2f). Additionally, the nanofibers in the DAF
were more aligned, and the diameter of the nanofibers was slightly
larger than that of the DNP. After gelation, DNP-G and DAF-G formed
adhesive, semi-transparent, and stable hydrogels (Fig. 2g), and the
storage modulus (G') of DAF-G increased sharply with time until a
plateau was reached. This sol-gel transition lasted 1.5 + 0.9 min, and the
maximum G’ was reached at 181.18 + 0.83 Pa. However, the G’ of DNP-
G was 150.10 £ 3.65 Pa with a much longer gelation period (4 + 0.4
min).

The composition and functional proteins of both DNP-G and DAF-G
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Fig. 1. Schematic diagram of decellularized matrix fabrication and in vitro and in vivo applications.

were analyzed and compared using proteomic analysis. Although the
percentage of extracellular matrix (ECM) proteins in DAF-G (25.79 +
4.72%) was larger than that in DNP-G (17 + 9.52%) (Fig. 2h), the total
number of proteins detected in DNP-G (392) was much higher than that
in DAF-G (142), and the number of exclusive proteins was 269 for DNP-
G and only 19 for DAF-G (Fig. 2i). The most abundant collagen types in
DNP-G were COL2A1, COL11A2 and COL9A3. COL1A2 and COL12A1
were commonly found in DAF-G, indicating a significant compositional
difference between DNP-G and DAF-G. Secreted factors also significantly
varied between DNP-G and DAF-G (Fig. 2i). Functional analysis based on
the gene ontology (GO) database indicated that proteins in DNP-G were
more abundant than those in DAF-G and were related to “glycosami-
noglycan binding”, “protein dimerization activity”, “catalytic activity”,

“structural molecule activity” and “carbohydrate derivative binding”
and others. However, DAF-G was highly associated with “protein het-
erodimerization activity” (Fig. 2j). A higher percentage of ECM proteins
(Fig. 2g) in DAF-G may contribute to enhanced protein interactions
(“protein heterodimerization activity”), such as in DAF-G, fast gelation
property, higher elastic modulus, and more condensed nanostructure of
DAF-G.

Live/dead staining and CCK8 assays showed that hBMSCs seeded on
culture plates (control), Col I, DNP-G and DAF-G all exhibited excellent
viability with good spreading and cell distribution (Supplementary
Fig. 1a-b), suggesting good cytocompatibility of all biomaterials for cell
culture. To further evaluate the immunogenicity and biocompatibility in
vivo, a subcutaneous xenograft model was applied. Histological staining
showed that the inflammatory cells in the DNP-G and DAF-G groups
were less obvious (Supplementary Fig. 1c). Thus, the decellularized
matrix derived from NP and AF tissues revealed good biocompatibility.

LTS

2.2. Directing hBMSCs differentiation by DNP-G and DAF-G

To distinguish NP cells from AF cells differentiated from hBMSCs,
specific markers were first confirmed. NP cells expressed higher levels of
COL2A1, CD24, KRT19, ACAN, and NCAM1 than AF cells; thus, they
could be considered NP-specific markers (Supplementary Fig. 9). Addi-
tionally, COL1A1, COL5A1, IBSP, FBLN1 and TNMD were significantly
higher in AF cells than in NP cells (Supplementary Fig. 2, Supplementary
Table 1). To evaluate the effects of different components in DNP and
DAF on hBMSCs differentiation, the digested fluid (0.015% w/v) of DNP
and DAF were added to the cultured media of hBMSCs, using Col I
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solution (same concentration) as the control. Safranin O-fast Green
(S&O0) staining and immunohistochemical analysis showed an increased
proteoglycan content in the DNP group but not in the Col I and DAF
groups (Fig. 3a). The DNP group showed more positive staining of the
NP-specific markers, including CD24 and COL2A1, than that of the other
groups. Positive staining of the AF-specific marker COL1A1 was obvious
in DAF and Col I groups, and TNMD staining was more obvious in DAF
group (Fig. 3a). Therefore, the components in the two digestive solutions
derived from DNP and DAF may promote the differentiation of hBMSCs
into NP-like cells and AF-like cells, respectively.

hBMSCs were encapsulated in both hydrogels (3D) or seeded on
hydrogel pre-coated culture plates (2D) to further confirm the influence
of DNP-G and DAF-G on hBMSCs tissue-specific differentiation. NP-
specific markers, including COL2A1, CD24, KRT19, ACAN, and
NCAM1, were upregulated when hBMSCs were cultured in DNP-G (3D
or 2D culture) for 21 days, although CD24 and NCAM1 were not
significantly different between DNP-G and DAF-G for 2D culturing
(Fig. 3b). Additionally, the emission intensity of the NP-specific marker
GPC3 was increased in DNP-G, particularly for 3D culturing (Fig. 3c—d).
These results indicated that DNP-G promoted hBMSCs differentiation
into NP-like cells potentially with preference for 3D. Because the culture
microenvironments (2D or 3D) may also play a critical role in the spe-
cific differentiation of cultured hBMSCs, we compared the effects of the
culturing microenvironment (2D or 3D) on hBMSCs differentiation by
RT-qPCR, which revealed that the DNP-G 3D microenvironment signif-
icantly promoted NP-specific markers expression (Fig. 3e).

However, when cultured in DAF-G, hBMSCs showed higher expres-
sion of AF-specific markers, except for COL1A1 and FBLN1, in the 3D
microenvironment (Fig. 4a). The intensity of the AF-specific marker
TNMD was also higher than that of the other groups, mainly for 2D
culturing (Fig. 4b—c), implying that hBMSCs differentiate into AF-like
cells. Next, compared with the 3D microenvironment, hBMSCs
expressed more AF-specific markers when cultured on the surface of
DAF-G (Fig. 4d). Therefore, the tissue-specific differentiation of hBMSCs
can not only be directed by DNP-G and DAF-G compositions but also by
the spatial specificity of different culture microenvironments.

2.3. The integrin-mediated RhoA/LATS/YAP] signaling pathway is
triggered by DAF-G in 2D manner

Integrin-transduced Hippo/YAP1 signaling senses cell adhesion and
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transduces mechanical signals from the tissue architecture and sur-
rounding ECM to an intercellular receptor to alter cellular activities
[35]. However, its role in DNP-G- and DAF-G-related tissue and spatial
specificity has not been identified. Therefore, we evaluated the adhesive
property of cells in DNP-G 3D culturing and in DAF-G 2D culturing, after
seeding hBMSCs on DTM for 21 days. Interestingly, compared with
DNP-G 3D culturing, hBMSCs showed an enlarged cellular area on the
DAF-G surface, with a larger focal adhesion area, indicating markedly
enhanced cellular adhesion induced by DAF-G 2D culturing (Fig. 5a-b).
Next, we evaluated the physical signaling sensor, the integrin family,
and identified significant upregulated integrin avp3 in DAF-G 2D
(Fig. 5¢). Downstream RhoA activity was mostly enhanced in DAF-G 2D
(Fig. 5c). Rho-GTPases functioned in YAP1 activation through the
dephosphorylation of LATS1/2 [36]. Additionally, LATS phosphoryla-
tion was significantly reduced in DAF-G 2D, indicating inactivation of
Hippo signaling (Fig. 5d). Consequently, YAP1 phosphorylation was
downregulated, with decreased YAP1 degradation in DAF-G 2D
(Fig. 5d). These results suggested that the integrin-mediated RhoA/LATS
signaling pathway was differently altered in DNP-G 3D and DAF-G 2D,
resulting in different YAP1 activity.
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2.4. Opposite regulatory effects of YAP1 on tissue-specific hBMSCs
differentiation induced by DNP-G and DAF-G

In the 3D culture condition, significant phosphorylation, and the
transfer of YAP1 from the nucleus to the cytoplasm was observed in
DNP-G (Fig. 6a—c), accompanied by the downregulation of its target
proteins, including AREG, CYR61 and CTGF (Supplementary Fig. 3). To
further identify the primary role of YAP1 in NP-like differentiation, the
specific YAP1 inhibitor verteporfin was employed. Verteporfin (10 M)
was efficient in inhibiting YAP1 and did not significantly impair cell
viability (Supplementary Fig. 4). The addition of verteporfin also
showed significantly higher GPC3 expression than the DMSO group
tested by immunoblotting (Fig. 6d, Supplementary Fig. 5a-b). Generally,
verteporfin significantly elevated the expression of NP-specific markers
(Fig. 6e, Supplementary Fig. 5¢). These results implied that YAP1 inhi-
bition promoted the differentiation of cultured hBMSCs towards NP-like
cells. Next, Lenti-YAP1 transfection was utilized to overexpress YAP1
(Supplementary Fig. 6a). Fluorescence staining indicated less obvious
GPC3 accumulation in the Lenti-YAP1 group in DNP-G (Fig. 6f). Simi-
larly, NP-specific markers expression was attenuated in DNP-G after
YAP1 overexpression (Fig. 6g; Supplementary Fig. 6b). Furthermore,
YAP1 overexpression significantly diminished GPC3 protein levels
(Supplementary Fig. 6c-e). Therefore, the phosphorylation and
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cytoplasmic transfer of YAP1 promoted the differentiation of hBMSCs
towards NP-like cells. These results suggest that YAP1 negatively regu-
lates the NP-like differentiation of hBMSCs in DNP-G 3D culture.
Additionally, YAP1 expression in DAF-G showed the highest level
among the three groups and was expressed in the nuclei with 2D
culturing; however, p-YAP1 expression was less than that in the DNP-G
group (Fig. 6h—j). The transcript levels of AREG, CYR61 and CTGF were
also elevated in the DAF-G group (Supplementary Fig. 3). To further
identify the regulatory role of YAP1 in AF-like differentiation, western
blotting and RT-qPCR analysis after verteporfin treatment revealed that
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the TNMD protein level was downregulated (Fig. 6k; Supplementary
Figs. 5a-b), followed by downregulation of the COL1A1, COL5A1, IBSP,
FBLN1 and TNMD levels (Fig. 61; Supplementary Fig. 5d). These results
implied that YAP1 inhibition might prohibit the differentiation of
hBMSCs towards AF-like cells. Furthermore, Lenti-YAP1 transfection
significantly upregulated the AF-specific markers on DAF-G (Fig. 6m-n;
Supplementary Fig. 6d). YAP1 overexpression also upregulated the
TNMD protein levels (Supplementary Fig. 6¢-e). Therefore, upregulation
and nuclear assembly of YAP1 led to the differentiation of hBMSCs into
AF-like cells.
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Fig. 6. Opposite regulatory effects of YAP1 on NP and AF-specific differentiation of hBMSCs. a p-YAP1 was enhanced in DNP-G under 3D microenvironment, with no
significant difference for YAP1. b Statistical assessment of the p-YAP1/YAP1 protein content of each group. ¢ Inmunofluorescence of YAP1 showed that DNP-G in the
3D environment showed obvious YAP1 cytoplasmic gathering. d Immunofluorescence images showed that GPC3 protein was obviously upregulated by verteporfin in
either 2D or 3D microenvironment. e NP-specific markers were all upregulated with verteporfin administration. f YAP1 overexpression diminished GPC3 protein
expression. g YAP1 overexpression also diminished other NP-specific markers expression. h YAP1 protein expression was significantly enhanced in DAF-G, with less
YAP1 phosphorylation. i Statistical assessment of the p-YAP1/YAP1 protein content of each group. j YAP1 nuclear assembly was significantly enhanced in DAF-G in
the 2D environment. k AF-specific marker TNMD protein level was decreased with the administration of verteporfin. 1 verteporfin administration downregulated AF-
specific markers. m YAP1 overexpression promoted TNMD protein expression and n other AF-specific markers expression on DAF-G. (scale bar = 20 pm) (Data are
presented as the mean + SD, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 between two groups; ns, no significance.) D, DMSO; V, verteporfin.
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Fig. 7. The tissue-specific repair of NP tissues induced by DNP-G. a 4-week and 8-week T2-weighted images of rat tails injected with NS, Col I, DNP-G or DAF-G
(yellow arrows point at the operated discs). b Relative water content and ¢ modified Pfirrmann grades are presented to quantitatively assess disc degeneration
based on MRI images. Assessment of disc degeneration in each group by d histological imaging and e grade (scale bar = 1 mm). f X-ray shows that the disc height is
better preserved in the NP group than in the other groups. (Data are presented as the mean + SD, n = 5, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
between two groups; ns, no significance.). g Inmunohistochemical staining of COL1A1 and COL2A1 (scale bar = 1 mm). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

(Fig. 7a), the NP integrity and water content were better preserved in the
DNP-G group than in the other groups. Quantitation of the water content

To evaluate whether DNP-G was preferred to treat NP degeneration and modified Pfirrmann grading also revealed that the DNP-G group had
disease, different hydrogels were injected into the lesion site of an NP the best recovery effects among all the treatment groups (Fig. 7b-c).
degeneration rat model. The improvement degree of injured NP tissue Additionally, H&E and S&O staining showed that the NP tissues in the
was compared via pathological and morphological analyses, 4 and 8 NS group were shrunken and irregularly shaped. By contrast, injection of
weeks post-surgery, respectively. As illustrated in MRI T2 phase images DNP-G significantly alleviated the morphological aggravation of the NP

2.5. Tissue-specific repair using DNP-G and DAF-G in vivo
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tissues at both predetermined time points (Fig. 7d). The rank of histo-
logical scoring from high to low was NS group > DAF-G group > Col I
group > DNP-G group (Fig. 7e). Consistently with the MRI results, the %
DHI drawn from X-ray showed that the disc heights in the DNP-G group
were significantly larger than those in the NS, Col I and DAF-G groups 8
weeks post-surgery. Additionally, DNP-G significantly attenuated the
aggravation of intervertebral disc narrowing (Fig. 7f; Supplementary
Fig. 7a). IHC staining of COL1A1 and COL2A1 showed that the positive
area for COL2A1 was significantly larger in DNP-G group than that in
NS, Col I and DAF-G group at 8-week (Fig. 7g). COL1A1l, a major fiber
component of AF, indicated that the collagen fibers were more aligned in
DNP-G group than that in other groups (Fig. 7g). Thus, these results
suggested that the supplementation of NP-derived DTM hydrogel effi-
ciently prevented NP degeneration.

Regarding the AF defect model, MRI showed that the DAF-G group
exhibited the highest T2-weighted signal and water content but the
lowest Pfirrmann score compared with the other three groups (Supple-
mentary Figs. 7b—d), indicating that disc degeneration was significantly

Bioactive Materials 6 (2021) 3541-3556

delayed after administering DAF-G. H&E and S&O staining in the Col I
gel and NS groups showed a sparse number of surviving cells in the NP
tissues, accompanied by a low proteoglycan content and irregular ECM
distribution. However, this degenerative morphology was considerably
reversed in the DNP-G and DAF-G groups 4 weeks after treatment
(Fig. 8a). Although the intervertebral discs in the NS group were further
degenerated 12 weeks post-injury, the degeneration was greatly allevi-
ated after administering DNP-G and DAF-G, particularly the latter.
Furthermore, the residual AF collagen in the DAF-G group was well
aligned (Fig. 8a). Additionally, COL1A1 staining showed that the
annulus defect was still obvious in DNP-G and NS group compared with
DAF-G group at 12-week, suggesting a well integration of DAF-G with
surrounding tissues. Also, the positive area for COL2A1 was significantly
larger in DAF-G group than that in NS, Col I and DNP-G group at 12-
week (Fig. 8b). Quantitative histological grading showed that disc
disruption was markedly repaired in the DAF-G group (Supplementary
Fig. 7e). X-ray analysis also showed that the decline in the % DHI was
slower in the DAF-G group than in either the DNP-G or Col I group

a
| Intact [ ] NS | Col | || DNP-G 1l DAF-G |
w
I
® T i /—' .
o [ L i Tokok . r — — ; " . =
:
<
|| I
2 ax
8 — — —
S
N
.
b
| Intact | NS I Coll | DNP-G | DAF-G |
BEEE = = |
- S :‘ 2 \ s, \ ‘:_\
g N - r,
S - ’
e||© G 5
o] | o =T o
; —
.
<
|
e}
Q

Fig. 8. The tissue-specific repair of AF tissues induced by DAF-G. a Representative HE and S&O staining were evaluated at 4 and 12 weeks in each group. Yellow
arrows indicate the needle passage in the NS groups, and blue arrows indicate the inserted hydrogels. b Inmunohistochemical staining of COL1A1 and COL2A1 (scale
bar = 1 mm). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(Supplementary Figs. 7f-g). Overall, these results demonstrated that the
tissue-specific DTM hydrogels effectively repaired their corresponding
tissue damage/defect in vivo.

3. Discussion

DTM materials derived from different tissues have shown substantial
discrepancy in the manipulation of cellular behaviors. According to
some pioneer reports [24,25,37], the original tissue or organ of specific
DTM may determine multipotent stem cell differentiation and exhibit
tissue regeneration capacity. This prompts the development of
tissue-specific DTM biomaterials. In intervertebral discs, healthy NP
mainly comprises entangled collagen type II fibers and a large amount of
proteoglycan, which forms a highly hydrated structure [28]. AF is a
well-organized lamellar structure filled with oriented collagen I fibers
[27]. Inspired by the different structures and compositions of NP and AF,
we speculate that DTM hydrogels derived from NP and AF may retain
their biological functions of the native tissues, which may be mainly
reflected in directing the differentiation of stem cells and in repairing
their corresponding degenerated tissues.

Although several studies have investigated biomaterial-induced NP
or AF cell-like differentiation [38,39], no standard molecules were
identified to mark the NP or AF cell type. COL2A1 and ACAN were
established as NP markers [40,41]. Additionally, CD24, KRT19 and
GPC3 were recently recognized as NP-specific markers via microarrays
and RT-qPCR [42-44]. Furthermore, NCAM1 was confirmed to be a
human NP-specific marker by RT-qPCR analysis [43]. Therefore,
COL2A1, CD24, KRT19, ACAN, NCAM1 and GPC3 were further verified
in this study and served as NP-specific markers. Regarding AF differ-
entiated molecules, Col 1al is the most broadly used gene marker of AF
cells because collagen I is the primary component in AF tissues [40].
Other reports have recommended COL5A1 as a potential AF marker
based on large-scale statistics [42,45]. In addition to the above AF
markers, recent transcriptional profiling based on human intervertebral
discs reported that IBSP, TNMD and FBLN1 showed higher expression
levels in human AF cells than in NP cells [46]. Furthermore, in mature
AF cells, we verified high expression of COL1A1, COL5A1, IBSP, FBLN1
and TNMD, which could serve as potential markers for AF cells.

Using the above-mentioned markers, the differentiation of hBMSCs
induced by the type of hydrogel species or culture model was evaluated
in detail. DNP-G induced hBMSCs to differentiate towards the NP-like
cell type without any additional cytokines, particularly in the 3D
hydrogel encapsulated model. Using proteomic analysis, we speculated
that the cause might be related to FGF18 found in DNP-G. FGF18 pro-
motes chondrogenic differentiation by upregulating ACAN and COL2A1
expression [47]. In addition to the diversity of growth factors, DNP-G
contained abundant collagen, including COL2A1, COL11A2 and
COL9AS3. Collagen II promoted MSC differentiation into the NP-like cell
type [48]. Additionally, healthy NP tissue is highly hydrated and NP
cells are encapsulated in the gel-like microenvironment during inter-
vertebral disc development [49]. Therefore, the 3D encapsulated culture
model is potentially more favorable for hBMSCs differentiation into
NP-like cells and can be extended to other biomaterials [50,51].

Similarly, DAF-G showed a greater potential in directing hBMSCs
differentiation into AF-like cells, particularly those on the surface of
hydrogels. We also found that TGF-f1 only existed in DAF-G and was an
efficient factor that maintained the AF-like cell type [15], although it
might also induce NP-like differentiation [52]. Collagen I, mostly found
in DAF-G, promoted the AF cell-like differentiation of MSCs [48].
Additionally, native AF tissue comprises 15 to 25 concentric rings in the
lamellae structure with an AF cell interlayer accommodation [53]. AF
cells are then forced to live between layers in an elongated morphology,
similar to being seeded on the surface of substrates [38]. When cultured
on the surface of PECUU (poly (ether carbonate urethane)urea) with a
higher elastic modulus for 21 days, rabbit adipose-derived stem cells
(ADSCs) gradually showed high expression of collagen I but low
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expression of collagen II and GAG, indicating that ADSCs were differ-
entiated into AF-like cells [54]. Consistently, our findings also suggested
that the 2D culture model allowed hBMSCs to adapt to a native lamellar
structure and promote their differentiation into AF-like cells. Therefore,
the tissue specificity that affects the differentiation of stem cells com-
prises two parts, a matrix component and the physical presentation of
the cell in/on the matrix. To investigate the differentiation behavior of
hBMSCs in the in vitro model, we must consider both the composites of
DNP-G and DAF-G, as well as whether the culture model of the cells is
consistent with that of the body.

Integrin is a functional adapter that transfers external physical
stimulation into intracellular signaling [55]. Interestingly, different
types of collagens and subtypes of integrin can interact to determine cell
fate. For example, integrin a2p1, alf1, a5p1 on chondrocytes binds to
the primary type II collagen and determines chondrocyte differentiation
and joint formation [56,57]. Additionally, a2p1, alpl, and avp3 are a
major class of collagen-binding proteins that are activated in the
cell-collagen type I interaction [58,59]. Therefore, we compared the
activation of these integrins in four significantly different states, DAF-G
2D, DAF-G 3D and DNP-G 3D. We found that integrin avp3 was mostly
upregulated in DAF-G 2D, while integrin avp3 in Col I 2D and DAF-G 3D
also activated, compared with DNP-G 3D. Therefore, DAF-G 2D induced
the activation of integrin avf3, which may be largely associated with the
components and spatial characteristics. Additionally, integrin avf3
activation was reported to enhance collagen type I expression [60],
which may favor differentiation into the AF cell type [38]. In response to
integrin transformation, cytoskeleton-mediated Rho-GTPases act in
YAP1 activation and dephosphorylation in a LATS1/2-dependent or
LATS1/2-independent manner [61,62]. In our study, compared with
cells in DNP-G in 3D, cells in DAF-G 2D showed a larger cellular area and
more cell adhesion to ECM, activating the integrin family via mechanical
signals [63,64]. Specifically, integrin avp3 was activated not only by the
compositional difference but also by external physical stimulation in
DAF-G 2D, inducing F-actin-related RhoA-GTPase promotion and
resulting in LATS-mediated YAP1 dephosphorylation in DAF-G 2D.
However, the mechanism of YAP1 deactivation in DNP-G 3D requires
further investigation.

YAP1 is a fundamental transcription coactivator that not only reg-
ulates cell proliferation and differentiation [65] but also controls organ
size [66]and tissue homeostasis [67]. This gene has also been proven to
be associated with osteogenesis [68], and its nuclear assembly was
related to direct AF-like differentiation [38]. In this study, we also
detected elevated YAP1 nuclear aggregation and decreased YAP1
phosphorylation after culturing hBMSCs in a 2D DAF-G environment.
More interestingly, hBMSCs showed a significantly high phosphoryla-
tion and cytoplasmic distribution of YAP1 when 3D cultured in DNP-G,
suggesting that the activation or suppression of YAP1 was associated
with the in vitro differentiation of hBMSCs into AF-like or NP-like cells.
Previous reports have demonstrated that stem cells incubated in a 3D
environment with low stiffness (less than 10 kPa) exhibited gradual
YAP1 cytoplasmic gathering and dysfunction [69], which might be due
to the absence of robust stress fibers in 3D substrates [70,71]. Other
researchers found that MCF10A breast cancer cells showed significant
YAP1 nuclear localization in 2D stiff polyacrylamide (PAM) [72].
Consistent with the literature, YAP1 localizes in the nucleus and exerts
transcription effects on 2D stiff substrates, and cytoplasmic assembly is
intended to appear within 3D and softer materials. Additionally,
considering that the storage modulus of DAF-G was larger than that of
DNP-G, YAP1 nuclear accumulation in DAF-G 2D may be attributed to
both the culture dimensions and mechanical properties via the integ-
rin/Rho/LATS1/2 signaling pathway. Moreover, Gel-HA with decreased
mechanical strength showed increased expression of SOX9, ACAN and
COL2A1, decreased COL1Al [73]. Transcriptome RNA sequencing
showed decreased mechanical strength was accompanied with YAP1
degradation, indicating that softer substance may increase NP pheno-
type, while inhibiting AF phenotype via YAP1 deactivation [73], which
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is consistent to our findings in DNP-G.

Apart from the mechanical difference, DTM components differences
may also influence YAP1 intracellular distribution. TGF-p1, identified in
DAF-G, was reported to mediate YAP1 activation via PI3K/Akt pathway,
resulting in myofibroblasts phenotype [74,75]. YAP1 target gene subsets
were also largely dependent on endogenous TGF-p1 signaling [76].
Therefore, high expression of TGF-p1 in DAF-G may also contribute to
observed YAP1 activation in DAF-G 2D. The relationship between
FGF-18 (found in DNP-G) and YAP1 has rarely been investigated.
Another member of FGF families, FGF-2, was also found to promote
chondrogenic lineages and related to YAP1 [77]. And YAP1 activation
mediated by FGF is dose-dependent. FGF-2 of low concentration (5
ng/ml) was found to induce YAP1 nuclear localization [78], while
higher concentration (200 ng/ml) showed activation of Hippo signaling
and promoted YAP1 deactivation. Whether the differences in collagen
types would contribute to YAP1 intracellular distribution requires
further evaluation.

Furthermore, we found that the inhibition of YAP1 activation
significantly diminished the AF-like cell type in DAF-G and promoted
the NP-like cell type in DNP-G, while YAP1 overexpression exhibited
opposite results. To our knowledge, these findings clarify the seesaw
effects by which the activation level of YAP1 determines the fate of
hBMSCs to differentiate into NP-like or AF-like cells, providing theo-
retical support for the future developments for IDD treatments using
stem cell therapy.

From the in vitro assessments, we realized that the DTM biomaterials
with closer biomimetic structure and biological activity to their native
tissues provide a more permissive microenvironment for intervertebral
disc cells, likely beneficial for better repair of their corresponding
degenerated tissues. Therefore, the tissue specificity of both DNP-G and
DAF-G was explored in vivo. Both the NP degenerative model and AF
defect model were applied in this study according to previous studies [1,
79,80]. Intradiscal puncture-induced NP degeneration led to an unfa-
vorable microenvironment because of poor nutrient and oxygen sup-
port, low pH, anabolism, and catabolism imbalance. Thus, this model
can sufficiently imitate the native ongoing NP degeneration. However,
the annular defects often lead to gaps in AF tissue and induce herniation
of NP tissue under intradiscal pressure, which mimics the pathophysi-
ological change in the intervertebral disc after minor AF trauma [81]. In
the present study, after the injection of DNP-G, DAF-G or Col I hydrogel
into the defects, DNP-G was more favorable for restoring NP degenera-
tion than the other groups, while DAF-G showed superior capability in
repairing annular defects and maintaining NP tissues. During the path-
ogenesis of disc degeneration, disorders of intercellular and cell-ECM
interactions are commonly noticed because of the aberrant assembly
of GAG [82], catabolism of collagen type II and anabolism of collagen
type I in NP [4]. Coincidentally, our results from GAG quantitation and
proteomic analysis showed that DNP-G possesses more GAG and
collagen type II contents, but less collagen type I than that of DAF-G.
These abundant components in the DNP-G may contribute to restore
the cell-ECM interactions, promoting the regeneration of NP tissue.
TGF-p1, which has been verified to restrain cell apoptosis [83], was only
detected in DAF-G. Moreover, DAF-G retained more collagen type I but
less collagen type II than DNP-G. These results indicated that the
compositional similarity of the native tissues and DTM materials would
be suitable to treat their corresponding diseases, such as the use of
cornea-derived decellularized ECM for corneal regeneration [84] and
the triphasic decellularized bone-fibrocartilage-tendon (D-BFT) com-
posite scaffold for enthesis regeneration [85], because of the
tissue-specific biochemical and mechanically stable microenvironment
for controlling specific cellular behaviors [86].

There are some limitations in the present study. First, DNP-G and
DAF-G possess poor mechanical properties that cannot compete with the
strength of natural NP and AF tissues. Thus, we will enhance their me-
chanical properties while exploiting its unique biological effects in
future studies. Second, to assess the tissue specificity of the in vivo repair
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effect of DNP-G and DAF-G, stem cell delivery was not performed for in
vivo repair; thus, the underlying regulation mechanism of specific dif-
ferentiation was not verified in vivo. Finally, although the regulatory
relationship between collagen type I and integrins has been reported
[58,59], chemical-related, tissue-specific differentiation towards AF
cells cannot be simply attributed to collagen type I because DAF-G 2D
showed higher activation of integrin avp3 and better promoted the AF
cell phenotype than collagen type I. Thus, other components that
contribute to tissue-specific differentiation should be further identified.
Additionally, the characteristics that inhibit YAP1 activation in DNP-G
3D should be further investigated to better understand the regulatory
effects of YAP1 and provide a theoretical basis for promoting the
application of DTM.

In summary, this original study demonstrates that the tissue speci-
ficity of DNP-G and DAF-G for specific differentiation towards NP or AF
cells relies on both ECM components and spatial characteristics. The
regulation of the integrin-mediated RhoA/LATS/YAP1 signaling
pathway determines the fate of hBMSCs. Importantly, the tissue-specific
regeneration of DNP-G and DAF-G for the NP degenerative model and
AF defect model, respectively, was also identified. Because of the plas-
ticity of hydrogels, 3D bioprinting, electrospinning, phase separation
and other processing methods can be further performed to construct the
spatial architectures of NP and AF, as well as maintain their functional
ECM components, providing efficient therapeutic strategies to repair
degenerated NP and AF tissues.

4. Materials and methods

4.1. Preparation of bovine outer annulus fibrosus and nucleus pulposus
samples

All animal experiments were approved by the Animal Experimenta-
tion Committee of Huazhong University of Science and Technology and
complied with institutional and international guidelines. Samples were
collected from the caudal segments of bovine (n = 30) within 6 h of
sacrifice. NP and AF tissues were isolated carefully from each sample,
and were subjected to five freeze-thaw cycles. Cellular components in
NP and AF samples were sequentially decellularized by Triton X-100
(2%), sodium dodecyl sulfate (SDS, 1%) and DNAase (Sigma, 200 U/ml
in PBS). The decellularized NP (DNP) and AF (DAF) samples were then
washed in sterile water. Freeze-drying processes were then performed
and the lyophilized decellularized tissues were homogenized into DNP
powder or DAF powder. Decellularized matrix hydrogels were prepared
as previously described [16]. Specifically, a certain amount of sterilized
DTM powder was added into 0.01 M hydrochloric acid containing
pepsin (concentration of pepsin is 1.5 mg/ml) to adjust its concentration
to 10 mg/ml. After moderate agitation at 25 °C for 24-48 h, the pH of
the digested solution was adjusted to 7.3-7.5 with 0.1 mol/1 NaOH and
the ionic strength was adjusted to 0.15 M using 10 x Phosphate-Buffered
Saline (PBS; 1/10 of final neutralized volume). Finally, the DTM
hydrogel was obtained after incubation at 37 °C for 10-30 min.

4.2. Cell removal and glycosaminoglycans maintenance after
decellularization

To evaluate the degree of decellularization, the residual DNA in
lyophilized native tissue or decellularized tissues was quantified by
DNeasy assay, tissue hematoxylin and eosin (H&E) staining and 4',6-
diamidino-2-phenylindole (DAPI, Beyotime, China) staining. The gly-
cosaminoglycans (GAGs) content in decellularized tissues were assessed
via quantifying the amount of sulfated glycosaminoglycans by 1,9-dime-
thylmethylene blue solution (GENMED, China) according to the manu-
facturer’s instructions. The total collagen content of materials was
measured by quantifying the amount of hydroxyproline with a kit
(KGT030-2, keyGEN BioTECH, Nanjing, China), as previously described
[87]. A hydroxyproline (Sigma-Aldrich) standard curve was generated
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to determinethe hydroxyproline concentration. Total collagen content
was calculated based on that Hydroxyproline content was assumed to be
13-14% of the total collagen content per dry weight [88].

4.3. Characterization of decellularized matrix hydrogels

The rheological properties of DNP-G and DAF-G were analyzed with
a strain-controlled rheometer (Thermo Scientific, HAAKE MARS III,
Germany). The shear frequency was set to 1 Hz and shear strain was set
to 1%.

Fresh tissues, decellularized matrix and decellularized matrix
hydrogel were prepared for SEM. All prepared samples were observed by
SEM (HITACHI S-4800) at 10 kV. The structural parameters of samples
were measured by image analysis software (Image J; National Institutes
of Health).

4.4. Isolation and characterization of hBMSCs, NP cells and AF cells

All experimental protocols involving human tissue and cells were
carried out following The Code of Ethics of the World Medical Associ-
ation (Declaration of Helsinki) for experiments involving humans and
approved by the medical ethics committee of Tongji Medical College of
Huazhong University of Science and Technology, and the informed
consent of all participating subjects was obtained. As previously
described [16], hBMSCs were extracted from the bone marrow in arti-
ficial hip joint replacements. The stemness was evaluated by cellular
markers (anti-CD73-APC, anti-CD90-APC, anti-CD105-APC,
anti-34-APC, anti-CD45-APC, Biolegend, USA) (Supplementary Fig. 8a)
and the efficacy of osteogenic, chondrogenic and adipogenic differen-
tiation kits (Corning, USA) (Supplementary Fig. 8b).

NP tissue and AF tissue were separated from patients with lumbar
disc herniation through a microscope operation. The extract of NP cells
was performed as previously described [89]. Similarly, AF tissue was cut
into small pieces and completely immersed in 0.02% type I collagenase
for digesting 2 h at 37 °C. Then, the suspension was centrifuged at 300 g
for 5 min to collect AF cells. Subsequently, these primary cells were
cultured with DMEM/F12 complete medium. To distinguish the NP cells
from the AF cells, the transcript expressions of COL2A1, CD24, KRT19,
ACAN, NCAM1, COL1A1, COL5A1, IBSP, FBLN1, TNMD were detected.

4.5. Real-time quantitative polymerase chain reaction (RT-gPCR)
analysis

Total RNA was isolated using TRIzol® Reagent (Invitrogen). mRNA
expression was detected by real-time PCR with all-in-OneTM qPCR
Master Mix (GeneCopoeia, USA) using the ABI stepone plus Sequence
Detection System (Applied Biosystems, CA, USA). The primer sequences
used for PCR were listed in Supplementary Table 1. Results were
quantified using the 2"AACT method with GAPDH expression levels for
normalization.

4.6. Protein extraction and western blot

Cells embedded in hydrogels or planted on hydrogels were collected
and lysed in lysis buffer (Beyotime, Jiangsu, China) containing a mixture
of protease inhibitors phenylmethanesulfonyl fluoride (PMSF, Beyo-
time) and phosphatase inhibitor cock-tail I (Sigma, USA). BCA Protein
Assay Kit (Beyotime) was used to detect the protein concentration.
Equivalent amounts of protein (20 pg) were loaded on 10% or 8% SDS-
PAGE gels.

Western blot was performed as previously described [90]. The an-
tibodies were listed as follows: Integrin a1 (1:1000, ABclonal, A16054),
a2p1 (1:1000, Abcam, ab24697), a5 (1:1000, ABclonal, A19069), avp3
(1:1000, ABclonal, A0076), RhoA (1:1000, ABclonal, A13947), LATS
(1:1000, ABclonal, A7159), LATS (phosphorylation S909, 1:1000,
ABclonal, AP0879), YAP1 (1:1000, Abcam, ab52771), YAP1
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(phosphorylation S127, 1:1000, Abcam, ab76252), TNMD (1:1000,
ABclonal, A17753), GPC3 (1:1000, Abcam, ab66596), AREG (1:1000,
ABclonal, A12680), CYR61 (1:1000, ABclonal, A1111), CTGF (1:1000,
ABclonal, A11943) and GAPDH (1:2000, Abcam, ab181602).

4.7. Statistical analysis

All experiments were repeated at least three times. Data were
expressed as means =+ standard deviation (SD). The statistical differences
between treatment groups were evaluated by Student’s t-test or one-way
analysis of variance (ANOVA) based on data normality. Statistical ana-
lyses were performed using the SPSS software package (IBM SPSS soft-
ware package 18.0). All the statistical chart was drawn by GraphPad
Prism 7 software (GraphPad Software Inc., San Diego, CA). P values <
0.05 were considered statistically significant.

4.8. Other methods

Methods that applied for proteomic analysis, cells viability, con-
struction of lentivirus and cell transfection, in vivo experiments and
histological staining etc. are described in Supplementary materials.
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