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Abstract

Basic mechanism of spine development is poorly understood. Type Il collagen posi-
tive (Col2+) cells have been reported to encompass early mesenchymal progenitors
that continue to become chondrocytes, osteoblasts, stromal cells, and adipocytes in
long bone. However, the function of Col2+ cells in spine and intervertebral disc (IVD)
development is largely unknown. To further elucidate the function of Col2+ progeni-
tors in spine, we generated the mice with ablation of Col2+ cells either at embryonic
or at postnatal stage. Embryonic ablation of Col2+ progenitors caused the mouse die
at newborn with the absence of all spine and IVD. Moreover, postnatal deletion Col2
+ cells in spine resulted in a shorter growth plate and endplate cartilage, defected
inner annulus fibrosus, a less compact and markedly decreased gel-like matrix in the
nucleus pulposus and disorganized cell alignment in each compartment of IVD.
Genetic lineage tracing IVD cell populations by using inducible Col2-creERT;
tdTomato reporter mice and non-inducible Col2-cre;tdTomato reporter mice rev-
ealed that the numbers and differentiation ability of Col2+ progenitors decreased
with age. Moreover, immunofluorescence staining showed type Il collagen expression
changed from extracellular matrix to cytoplasm in nucleus pulposus between 6 month
and 1-year-old mice. Finally, fate-mapping studies revealed that Col2+ progenitors
are essential for IVD repair in IVD injured model. In summary, embryonic Col2+ cells
are the major source of spine development and Col2+ progenitors are the important

contributors for IVD repair and regeneration.
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1 | INTRODUCTION

The spine is a complex with vital structure. Its function includes
not only structural support of the body as a whole, but it also
serves as a conduit for safe passage of the neural elements while
allowing proper interaction with the brain.®* Embryologically, a
detailed cascade of events occurs to result in the proper forma-
tion of the spine. Alterations in spinal embryologic development
can result in one or more congenital spinal abnormalities including
hemivertebrae, spina bifida, congenital scoliosis, congenital kypho-
sis, and so on.> Although the general embryologic spine develop-

+> what cell

ment process has been investigated for many years,
lineages of Col2+ cells can contribute to spine development
remain unclear.

With the development of genetic lineage tracing technology,
significant progress has been made in understanding specific cell
contributions to skeletal and spine development.*? Tracing for
Noto-cre mouse, McCann et al revealed notochordal cells might
serve as tissue-specific progenitor cells within the disc and noto-
chordal cells and chondrocyte-like nucleus pulposus cells are derived
from the embryonic notochord.!® By tracing type Il collagen positive
(Col24) cells, some studies reported that Col2+ cell is one of the
widest cell populations in vivo and it encompasses early mesenchy-
mal progenitors that continue to become chondrocytes, osteoblasts,
stromal cells, and adipocytes in long bone.2*1® However, few stud-
ies reported the function and distribution of Col2+ cells in mouse
spine.

Most recently, Tong et al*’

first reported Col2+ cells presented in
endplate cartilage (EP), growth plate (GP), and inter annual fibrosis
(IAF) cells in intervertebral disc (IVD) but not in NP at postnatal day
(P28) when tamoxifen (TM)-inducible type Il collagen Cre (Col2-
creERT) mice are injected with TM at P6. Wei et al*® further reported
that Col2+ cells existed in the NP, entire AF, EP, and GP in the lumbar
spine in Col2-cre;tdTomato mice. However, how Col2+ cells contrib-
ute to spine development and IVD repair and what the dynamic
changes of Col2+ cells during IVD development during aging remain
unclear.

In this study, we delete Col2+ cells at embryonic and postnatal
stages by crossing diphtheria toxin (DTA" mice with Col2-cre
mice and Col2-creERT mice, respectively, and deeply understand
the contribution of Col2+ cells to spine and IVD development and
maintenance. We found that embryonic deletion of Col2+ cells
caused absence of entire spine, whereas postnatal deletion of Col2+
cells resulted in defective IVD components. Moreover, by per-
forming lineage tracing of IVD cell populations using Col2-creERT;
tdTomato reporter mice and Col2-cre;tdTomato reporter mice dur-
ing aging, we found that the numbers and differentiation ability
Col2+ progenitors decreased with age. Col2+ progenitors in injured
disc are essential contributors to IVD repair in IVD injury mouse
model. Our results thus for the first time reveal that Col2+ progen-
itors play critical role for spine development, IVD maintenance, and

repair.

Significance statement

Some studies have reported that type Il collagen positive
(Col2+) cells encompass early mesenchymal progenitors that
continue to become chondrocytes, osteoblasts, stromal
cells, and adipocytes in long bone. However, few studies
have reported the function and distribution of Col2+ cells in
mouse spine and intervertebral disc disease (IVDD). The pre-
sent study provides the first evidence that Col2+ progeni-
tors are the major source for spine development and the
maintenance of spine pattern and IVD and that Col2+ inter
annual fibrosis progenitors are essential contributors to IVD
repair in IVD injury mouse model. Thus, our findings provide
new insights into the spine or IVD development and new

therapeutic strategies for IVDD repair and regeneration.

2 | MATERIALS AND METHODS

21 | Mice

All procedures regarding housing, breeding, and collection of ani-
mal tissues were performed as per approved protocols by the Insti-
tutional Animal Care and Use Committee (IACUC) of the
University of Pennsylvania, in accordance with the IACUC's rele-
vant guidelines and regulations. All mice used in this study are
C57BL mouse strain. Col2-cre,*? Col2-creERT,?° R26-tdTomato,?*
DTAMM 22 and Aggrecan-creERT?® mice were purchased from
Jackson laboratory (Bar Harbor, Maine). Col2-cre;DTAM~ and
Col2-creERT;DTAM® mice were generated by breeding DTAMf
mice with Col2-cre or Col2-creERT mice. Col2-creERT;DTAfM/f!
mice were intraperitoneally (i.p.) injected with TM at indicated
time points to induce the postnatal deletion of Col2+ cells. Col2-
and Col2-creERT;
tdTomato were generated by breeding TM-inducible Col2-creERT,

cre;tdTomato, Aggrecan-creERT;tdTomato,
Aggrecan-creERT, and Col2-cre mice with R26-tdTomato reporter
mice and tdTomato labeled patterns in vertebral bone and IVD at
different time points were analyzed. All mice were housed in a spe-
cific pathogen-free condition.

TM (T5648, Sigma, St. Louis, Missouri) solution preparation and
administration were performed as previously described.?* Briefly, TM
was first dissolved in 100% ethanol (100 mg/mL) and then diluted
with sterile corn ail to a final concentration of 10 mg/mL. The TM-oil
mixture was stored at 4°C until use. Mice in both control and experi-
ment groups were i.p. administered with same dose of TM (75 mg
TM/kg body weight) at the indicated time points.

To better present our data, we simply the information of mice in
each figure of Col2-creERT;tdTomato mice as: harvest time (tamoxifen
injected date + the tracing time period). For example, P6 (3 + 3)

means: in Col2-creERT;tdTomato mice, the mouse harvesting date is



Col2+ PROGENITORS IN IVD DEVELOPMENT AND REPAIR

‘%% STEM CELLS

1421

P6 (tamoxifen injected date is P3 and tracing for 3 days). Since all
the Col2+ cells activated starting from embryonic stage in Col2-cre;
tdTomato mice, we only include the date for harvesting mice sample.
For example, P6 means: in Col2-cre;tdTomato mice, the mouse

harvesting date is P6.

2.2 | Histology

Mouse lumbar spine tissues (L3-L5) were dissected under a ste-
reomicroscope to remove soft tissues, and fixed in 4% parafor-
maldehyde, decalcified in 10%
ethylenediaminetetraacetic acid (EDTA) for 14 days at 4°C.
Decalcified samples were cryoprotected in 30% sucrose/PBS
solutions and then in 30% sucrose/PBS:OCT (1:1) solutions for

overnight at 4°C. Samples were embedded in an OCT compound

overnight at 4°C, then

(4583, Sakura, Zoeterwoude, Netherlands) under a stereomicro-
scope and transferred on a sheet of dry ice to solidify the com-
pound. Embedded samples were cryosectioned at 6 pm using a
cryostat (CM1850, Leica).

2.3 | Goldner's Masson trichrome staining

Longitudinal sections of whole tail were cut at 6 pm using a cryostat
followed by Goldner's trichrome staining protocol as previously
described.?® Briefly, the slides were mordanted in Bouin's Fluid solu-
tion and stained with Weigert's hematoxylin, ponceau acid fuchsin
and then costained with light green respectively. Five to six mice were

evaluated in each group.

24 |
staining

H&E staining and Safranin O/fast green

Mice IVD between the fourth and fifth lumbar spine tissues
(L4-L5) or Co disc between the fifth and seven Co vertebrae
(Co5-7) were sectioned and stained with H&E and Safranin O/fast
green staining. Safranin O/fast green staining was performed to
visualize cartilage and assess proteoglycan content as described
previously.?4?” The Slides from each sample were stained with
Weigert's iron hematoxylin and fast green, and then stained with

0.1% Safranin O solution.

2.5 | Alizarin red/Alcian blue staining

The skeleton from each mouse were stained with Alizarin red/
Alcian blue reagents as reported previously.?* Briefly, mice tail was
fixed with 90% ethanol, and then stained with 0.01% Alcian blue
solution (26385-01, Electron Microscopy Sciences, Washington,
Pennsylvania) and 1% Alizarin red S solution (A47503, Thomas

# TRANSLATIONAL MEDICINE

Scientific,Swedesboro, New Jersey), respectively. Stained skeletons

were stored in glycerol.

2.6 | Scanning electron microscopy

Caudal spine discs (C7/8) from 4-week-old Col2-creERT or
Col2-creERT;DTAM mice were dissected and fixed in 2.5% (v/v)
glutaraldehyde at 4°C. The collagen fiber diameters were measured
using SEM analysis as described previously.?® Briefly, the samples
were digested in 20.4 U/mL hyaluronidase (H3506, Sigma, St. Louis,
Missouri) and 0.1 mg/mL bovine pancreatic trypsin (T1426, Sigma,
St. Louis, Missouri). The fixed samples were washed three times with
PBS. The specimens were dehydrated in a graded ethyl alcohol
(EtOH) series (30%, 50%, 70%, 80%, 90%, and 100%). Subsequently,
specimens were dehydrated in ethanol and hexamethyldisilizane
(HMDS) solutions, starting with EtOH: HMDS (1:1) and serially
increasing to EtOH: HMDS (1:4), and finally washed with 100%
HMDS. The samples were air dried in the fume hood for 1 hour.
Samples were mounted on the Al-hold with super glue and coated
with carbon. The FEI XL30 ESEM (FEI XL30 ESEM, FESEM, Thermo
Fisher Scientific, Hillsboro, Oregon, voltage: 8 kV) was used for
imaging. ImageJ software was used for the measurement of collagen
fibril diameters.

2.7 | Real-time RT-PCR analysis

Whole IVD tissues were dissected respectively from lumbar and
caudal discs of 4-week-old Col2-creERT or Col2-creERT;DTAM
mice, and immediately placed in Trizol for RNA isolation
(15596018, Thermo Fisher Scientific, Swedesboro, New Jersey).
cDNA was synthesized from 2 pg of total RNA. gPCR was per-
formed with SYBR Green PCR master Mix (B21202, Bimake,
Sylvanfield, Houston). All gPCR reactions were run in triplicate and
normalized to the expression of GAPDH. Each reaction was run in
triplicate and independently repeated three times. The sequences
and product lengths for each primer pair were included in Supple-

mentary Table 1.

2.8 | Immunofluorescence microscopy

Coronal disc tissue sections with 6 pm thickness were gently rinsed
with PBS and incubated with proteinase K (20 pg/mL, D3001-2-5,
Zymo Research) for 10 minutes at room temperature (RT). Subse-
quently, sections were blocked in 5% normal serum (10000 C, Thermo
Fisher Scientific, Swedesboro, New Jersey) in PBS-T (0.4% Triton
X-100 in PBS) or incubated with antibodies against type Il collagen
(1:100, ab34712, Abcam) in blocking buffer at 4°C for overnight, and
then incubated in second antibodies Alexa Fluor 488-conjugated
anti-rabbit (1:200, A11008, Invitrogen, Carlsbad, California) or
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Alexa Fluor 647-conjugated anti-mouse (1:200, A-21236, Invitrogen,
Carlsbad, California) antibodies for 1 hour at RT. Coverslips were
mounted with Fluoroshield (F6057, Sigma-Aldrich, St. Louis, Missouri).

To quantify the percentage of tdTomato+ cells, multiple fields of
Z-stacked pictures were randomly captured. At least 30 images were
measured. The percentage of tdTomato+ cell was calculated from the
ratio of tdTomato+ cells over total cells observed in each compart-
ment of each sample (five sections per sample). Six mice were evalu-
ated in each group. Assessments were independently completed by
two investigators who were blinded to the treatment or groups. The
average percentage of tdTomato+ cells in each sample and group
were pooled and calculated by two investigators.

29 | Cell culture

Cells in in juried disc were isolated following the previous report?®2?
with slight modification. Briefly, disc tissues digested initially with
protease (53702-25KU, EMD Millipore, Boston, Massachusetts)
for 1 hour with agitation on a shaker, followed by collagenase-P
(11213865001, Sigma-Aldrich, St. Louis, Missouri) for another
12 hours at 37°C. The digested cells were then transferred for flow
cytometry sorting and cell culture at 37°C in a humidified atmosphere
with 5% O, and 10% CO, for 7 to 10 days.

210 | CFU-F assay and in vitro differentiation
potential test

These protocols were modified from a previous report.?”*° For
CFU-F assays, sorted IAF cells were directly plated in six-well plates
at a density 10 cells/cm?. The cells were incubated at 37° in a humidi-
fied atmosphere with 5% O, and 10% CO, for 7 to 10 days. CFU-F
colonies were counted after 7 to 10 days of culture.

For in vitro differentiation assay, tdTomato+ cells were sorted
and plated into each well of 48-well plates and cultured for 14 days.
Adipocyte, chondrocyte, and osteoblastic differentiation were induced
with different differentiation media and then stained with Oil red O
(00625-25G, Sigma-Aldrich, St. Louis, Missouri), Alcian blue (26385-
01, Electron Microscopy Sciences, Washington, Pennsylvania) and
Alizarin red (A47503, Thomas Scientific, Swedesboro, New Jersey),
respectively.

211 | Tail injury surgery

The tail injury surgery was performed in 4-week-old Col2-creERT;
tdTomato mice when TM injected at P21 as described previously.?®
Briefly, under anesthesia, the mouse coccygeal (Co) IVDs were injured
by inserting a 28-G needle into IVD space until the needle tip reached
2/3 of the disc thickness under fluoroscopic guidance with a Faxitron
MX-20 (Faxitron X-Ray). Co5/6 in each mouse was injured, whereas

mouse Co6/7 without injury was served as intact controls.

212 | Statistics

All data are presented as mean + SD. Shapiro-Wilk test for the nor-
mality and Bartlett test for variance were performed to determine the
appropriate statistical tests. Student's test for the comparison
between two groups or one-way ANOVA followed by Tukey's multi-
ple comparison test for multiple groups was performed. The number
of animals and repetitions of experiments were presented in figure
legends. The program GraphPad Prism software (GraphPad Software,
Inc, San Diego) was used for these analyses. *P < .05, **P < .01,
***P < .0001. NS, not statistically significant.

3 | RESULTS
3.1 | Ablation of embryonic Col2+ progenitors in
mice causes absence of the spine

To ablate Col2+ progenitors from mice embryonic stage (Col2-cre;
DTA"~:mutant group), the mice bearing a DTA transgene downstream
of a floxed stop condon (DTA™M) were bred with Col2-cre transgenic
mice. Col2-cre littermates serve as control (wild type). Col2-cre;DTA™~
mice die at newborn or a few hours after birth. The gross appearance
showed severe developmental defects in newborn mice including
severe dwarfish with extremely short four limbs and tail (Figure 1A).
Skeletal radiographs examination of the control newborns revealed ver-
tebrate were well calcified, while it is completely absence in Col2-cre;
DTA"~ mice (Figure 1B). Furthermore, Alizarin red/Alcian blue staining
of mutant newborn showed no positive signaling in spine (Figure 1C),
confirming the ablation of Col2+ cells caused absence of the spine.

To gain further insights into the function of Col2+ cells in vertebral
development, we did Goldner's Masson trichrome staining in tail of wild
type and mutant newborns through sagittal section. In wild type new-
borns, all the vertebral bone, IVD and skin were well stained and verte-
bral bone were clearly identified. However, there are not any vertebral
bones or IVD in mutant mice (Figure 1D). Higher magnification pictures
showed the skin and some muscle or connective tissues in mutant mice
were well maintained and the space for vertebral bone were filled with
some connective tissues (Figure 1E). Most interestingly, the skin is much
thicker in mutant newborn comparing with control (290 pm in wild type

mice vs 600 pm in mutant mice) (Figure 1F).

3.2 | Postnatal deletion of Col2+ cells disrupt the
spine pattern

To assess the contribution of the postnatal Col2+ cells to vertebrate
bone and IVD development, we genetically ablated those cells by gen-
erating Col2-creERT;DTA" via breeding DTAM" with TM inducible
Col2-creERT mice and applied with TM at P3 of age. The mice were
then harvested at 4-week-old. Skeletal radiographs and Alizarin red
and Alcian blue staining showed that Col2-creERT;:DTAM mice have
shorter vertebral and tail length (Figure 2A-C). Quantitative analysis
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FIGURE 1  Ablation of embryonic Col2+ progenitors in mice causes absence of the spine. A, Gross appearance of Col2-cre, and Col2-cre;
DTAM~ mice at PO. B, X-ray images for PO Col2-cre, and Col2-cre;DTA"~ mice. Yellow arrow: spine is completely absent in mutant newborn
compared to Col2-cre control. C, Alizarin red and Alcian blue staining of newborn Col2-cre and Col2-cre;DTA"~ mouse. Yellow arrow: spine
complete loss in mutant newborn. Scale bar = 1 mm. D, The tail of Col2-cre and Col2-cre;DTA™"~ newborns mice stained by Goldner's trichrome.
Scale bar = 300 pm. E,F, Higher magnification of Golden staining in tail vertebra and skin. Yellow arrow: vertebral and intervertebral disc (IVD)
complete loss in mutant newborn. Six mice evaluated in each group. Scale bar = 100 pm

showed the length of third to fifth lumbar vertebral (L3-L5) in
Col2-creERT;DTA"" mice much shorter (4.5 mm) compared to that in
wild type (7.48 mm) (Figure 2B). Additionally, Col2-creERT;DTA™
mice clearly showed spine epiphyseal dysplasia and flattened vertebral
bodies compared to the control.

Safranin O/fast green staining of spine section (L4-L5) from
4-week-old Col2-creERT and Col2-creERT:DTAM" mice showed that
the pattern of vertebrae and IVD were shorter and dramatically
disrupted in postanal Col2+ cell ablation mice (Figure 2D). Higher
magnification examination of the IVD showed that the stereotypical
columnar structure of the chondrocytes in the GP was disrupted and
that the height of GP and EP region was apparently reduced in mutant
mice (Figure 2E,F). Moreover, the AF cells were hypertrophic and NP
cells and surrounding gel-like matrixes were dramatically lost in con-
trast to the wild type (Figure 2G,H).

By analyzing Col2al expression and extra cellular matrix (ECM)
change in IVD by immunofluorescence staining, we found that Col2a1
expression was dramatically reduced in every compartment of IVD
including GP, EP, AF cells and matrix surrounding the NP compared to
those in wild type mice (Figure 2I-L). Most noticeably, Col2a1 matrix
surrounding the NP was completely lost in Col2+ cell ablated mice
(Figure 21,J). F-actin staining result showed that the cell alignment and
interaction in NP and AF are dramatically disrupted indicating Col2+
cells are essential for driving tissues pattern organization (Figure 2M,N).

3.3 | Postnatal deletion of Col2+ cells impair IVD
extracellular matrix formation and organization

To further examine whether ablation of Col2+ cells at postnatal stages

alters fibrous structure formation and organization in the IVD, we
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Postnatal deletion of Col2+ cells disrupt the pattern of spine. A, X-ray of spine in 4-week-old Col2-creERT and Col2-creERT;

DTAMf mice. Scale bar = 1 mm. B, The quantity analysis of mice L3-L5 length of (A) (n = 6 mice per condition from three independent
experiments). Data are mean + SD. C, Alizarin red and Alcian blue staining for the tail from the 4-week-old Col2-creERT and Col2-creERT;DTA™M
mice. Scale bar = 500 pm. D, Safranin O/fast green staining of coronal sections of L4-5 spine in 4-week-old Col2-creERT and Col2-creERT;DTA™
mice. Scale bar = 200 pm. E-H, High magnification pictures showing growth plate (GP), AF, and NP in 4-week-old Col2-creERT and Col2-creERT;
DTA™" mice. Scale bar = 20 um. I, Inmunofluorescence staining for Col2u1 in intervertebral disc (IVD) of 4-week-old Col2-creERT and
Col2-creERT;DTA™ mice. Scale bar = 50 pm. J-L, High magnification immunofluorescence pictures showing Col2a1 protein expression in NP,
AF, and GP from 4-week-old Col2-creERT and Col2-creERT;DTA" mice. M,N, Phalloidin staining show the cytoskeleton of NP and AF in
4-week-old Col2-creERT and Col2-creERT;DTA™ mice. Statistical significance was determined by one-way ANOVA and Student's t test.

*P < .05, **P < .01, ***P < .0001. NS, not statistically significant. Scale bar = 20 pm

dissected the Co7-8 and employed scanning electronic microscope
(SEM) to observe the ECM in NP and AF of Col2-creERT;DTA" with
TM injection at P3 and harvesting P30. We found that the NP in
Col2-creERT;DTA" is smaller than the control (Supplementary
Figure 1A,B). SEM images showed the collagen fiber in control AF and
NP well organized in a regular pattern and with similar collagen diame-
ter (Supplementary Figure 1C). In contrast, the collagen arrangement
in AF and NP were markedly distorted and disorganized and collagen
diameter are varied and thinner in Col2-creERT;DTAM" mice

(Supplementary Figure 1C). Quantitative analysis revealed that the
average diameter of collagen fibrils was significantly decreased from
75.3 pm in control Col2-creERT mice to 37.2 pm in Col2-creERT;
DTA"® mice, indicating that postnatal Col2+ cells plays an essential
role for the proper arrangement of collagen fiber in IVD
(Supplementary Figure 1D).

To investigate how ablation of Col2+ cells affects ECM related
genes' expression in IVD, mouse IVDs were isolated from
Col2-creERT and Col2-creERT;DTA™ mice which were injected with
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TM at P3 and harvested at P30, and then the total RNA was extracted
from these samples. Real time RT-gqPCR results showed that the
expression level of Col2al was significantly decreased in
Col2-creERT;DTAMf group,

(Supplementary Figure 1E). The levels of Col2al, Aggrecan, Sox9,

confirming efficient cell ablation
Collal, and Colla2 in Col2+ cells ablation IVDs were significantly
decreased comparing with the control IVDs, indicating that Col2+ cells
are important for the IVD ECM gene expression and maintenance. In
addition, no significantly change in gene expression levels of matrix
metalloproteinase3 (MMP3), matrix metalloproteinase13 (MMP13), A
disintegrin and metalloproteinase with thrombospondin motifs-4

31 in IVDs between

(ADAMTSA), a classical marker of degeneration,
Col2-creERT and Col2-creERT;DTA™f mice, indicating the ECM
decrease are caused by the Col2+ cells ablation not by ECM degrada-

tion (Supplementary Figure 1E).

A) PO P6
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3.4 | Spatial distribution of Col2+ cells in the
mouse VD and vertebral bone

To investigate the contribution of Col2+ cells to IVD development at
the fate of
Col2-expressing cells in Col2-cre;tdTomato mice and TM inducible

embryonic and postnatal stages, we traced
Col2-creERT;tdTomato mice by i.p. administering TM at different ages
and harvesting them at the indicated time points.

To examine how Col2+ cells contribution to IVD development
starting from embryonic stage, we analyzed Col2-cre;tdTomato mice
and found that at PO, Col2+ cells can be detected in most cells in IVD
or vertebral bone. However, tdTomato fluorescence intensity was
weak in NP, GP, EP, and IAF and strong in OAF and vertebral bone.
Interestingly, tdTomato+ cells became prominent in every compart-

ment of IVD at P6 and weaker in OAF and vertebral bone compared

P187 P365

Col2-cre;tdtomato™/DAPI

FIGURE 3 Spatial distribution of
embryonic and postnatal Col2+ cells in
the mouse intervertebral disc (IVD)
and vertebral bone. A, Representative
images from lineage tracing of
embryonic Col2+ cells in IVD at
different time point (PO, P4, P14, P30,
P90, P187, and P365) in Col2-cre;
tdTomato mice. Six mice evaluated in
each group. B, Representative images
from lineage tracing of Col2 + cells in
IVD at different time point (P6, P8,
P14, P30, P90, P187, and P365) in
Col2-creERT;tdTomato mice.
Tamoxifen (75 mg TM/kg body
weight) were i.p. injected into P3 mice.
Six mice evaluated in each group. C, (€)
Representative images from lineage

tracing tdTomato+ cells in IVD from
Col2-creERT;tdTomato and Aggrecan-
creERT;tdTomato mice at P30.

Tamoxifen (75 mg TM/kg body

weight) were i.p. injected into P3 mice.

Six mice evaluated in each group.

Scale bar = 200 pm
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to PO. After P6é and thereafter, strong fluorescence tdTomato+ cells
gradually increase in each compartment of IVD and in vertebrae corti-
cal or trabecular bone (Figures 3A and 4A). Quantity analysis showed
the 90.7%, 92.2%, 94%, 94%, and 94.8% of tdTomato+ cells in trabec-
ular bone at PO, P6, P14, P30, and P90, respectively, in Col2-cre;
tdTomato mice (Figure 4B). About 91%, 92.3%, 93%, 94%, and 94.3%
of tdTomato+ cells in cortical bone at PO, P6, P14, P30, and P90,
respectively, in Col2-cre;tdTomato mice.

To further examine how Col2+ cells contribute to spine develop-
ment from the postnatal stage, Col2-creERT;tdTomato mice were
i.p. administered with TM at P3 and harvested at P6, P14, P30 and
P90 (Figures 3B and 4C). (To better present our data, we simplified
the time information in each figure as: harvest time (TM injected date
+ the tracing time period.) For example, P6 (3 + 3) means: in Col2-
creERT;tdTomato mice, the date for harvest is P6 (TM injected date is
P3 and tracing for 3 days). At P6, Col2+ cells were found predomi-
nantly in the GP, IAF, EP, the vertebral bone, and osteocytes embed-
ded in bone matrix, and only few tdTomato+ cells can be detected in
NP. Interestingly, we noticed the percentage of tdTomato+ cells grad-
ually increased in vertebral bone with age. Quantitative analysis
showed that 9.1% of cells were tdTomato+ in trabecular bone at Pé,
which increased to 14.8%, 17.3%, and 29.8% at P14, P30, and P90,

Col2-cre;tdtomato/DAPI

P6(3+3 “| ‘|“ “

Col2-creERT;tdtomato/DAPI

respectively (Figure 4D), and about 4% of cells were tdTomato+ in
cortical bone at P6, which increased to 5.5%, 7%, and 7.7% at P14,
P30, and P90, respectively, in Col2-creERT;tdTomato mice with TM
injection at P3. These results suggested that osteoblasts or osteocytes
differentiate from Col2+ cells.

To exclude the possibility that few Col2+ cells in NP is caused by
the fact that TM cannot efficiently enter into NP to induce tdTomato
expression in NP of Col2-creERT;tdTomato mice, we i.p. injected
same dose of TM to Aggrecan-CreERT;tdTomato transgenic mice to
induce Cre-recombination. Figure 3C showed almost all NP cells are
aggrecan+ confirming that TM can enter and induce cre expression in
NP. The fact of different expression pattern between Col2-creERT;
tdTomato and Aggrecan-creERT;tdTomato indicated NP can express
aggrecan but not Col2a1 at P3.2

3.5 | The decreased numbers and differentiation
ability of Col2+ progenitors during aging

To explore how age affect Col2+ progenitors fate at IVD, Col2-
creERT;tdTomato mice were injected TM at age of P3, P21, P27, P87,
P184, P362, and the mice were harvested at 3 days later follow each
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FIGURE 4 Lineage tracing Col2+ cells in spine and intervertebral disc (IVD) at different time points. A, Lineage tracing Col2+ cells in spine
and IVD at PO, P6, P14, P30, and P90 in Col2-cre;tdTomato mice. (Since all the Col2+ cells activated from embryonic stage Col2-cre;tdTomato
mice, we only include the date for harvesting mice sample in each group. For example, P6 means: in Col2-cre;tdTomato mice, the date for harvest
is P6.) B, Quantitative measurements of the percentage of tdTomato+ cells to the total DAPI+ cells in (A) (n = 6 mice per condition from three
independent experiments). Data are mean + SD. C, Lineage tracing Col2+ cells in spine and IVD at P6, P14, P30, and P90 in Col2-creERT;
tdTomato mice. Tamoxifen (75 mg TM/kg body weight) were i.p. injected into P3 mice. Six mice evaluated in each group. (The data presented:
harvest time (tamoxifen injected date + the tracing time.) For example, P6 (3 + 3) means: in Col2-creERT;tdTomato mice, the date for harvest is
Pé6 (TM injected date is P3 and tracing for 3 days). D, Quantitative measurements of the percentage of tdTomato+ cells to the total DAPI+ cells in
(C) (n = 6 mice per condition from three independent experiments). Data are mean + SD. Statistical significance determined by one-way ANOVA
and Student's t test. *P < .05, **P < .01, ***P < .0001. NS, not statistically significant. Scale bar = 500 upm
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injection for analysis of histological sections. As showed in Figure 5A,
D, 97.4% of DAPI+ GP chondrocyte were tdTomato+ when TM inject
at P3 which were decreased to 94.1%, 50.2%, 39.8%, 18.8%, and
5.1% when TM injected at P21, P27, P87, P184, and P362, respec-
tively. In IAF, 65.4% of DAPI+ cells were tdTomato+ when TM
injected at P3, which decreased to 55.4%, 7.9%, 3.1%, 1.3%, and 1.0%
when TX injected at P21, P27, P87, P184, and P362. Consistently,
94.5% of DAPI+ EP chondrocytes were tdTomato+ when TM injected
at P3, which decreased to 5.6% when TM injected at P21, to 2.7% at
P27, to 2.2% at P87, 1.9% at P184, and to 1.5% at P362. For NP cells,
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1% of cells were tdTomato+ when TM injected at P3 which were
decreased to 0.76% when TM injected at P21, to 0.93% at P27, to
0.9% at P87, 0.58% at P184, and to 0.4% at P362. All these results
suggested the Col2+ progenitors significantly decreased during aging
process.

To determine how age affects the number and differentiation
ability of Col2+ cells, we compared the number of tdTomato+ cells in
the IVD at P90 when the tdTomato expression was activated starting
from embryonic stage in Col2-cre;tdTomato mice or starting from P3,
P30, P60, and P87 with TM injection in Col2-creERT;tdTomato mice.

P187(184+3 P365(362+3)
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FIGURE 5 The decreased numbers and differentiation ability of Col2+ progenitors during aging. A, Lineage tracing of postnatal Col2+ cells for
3 days in each component of intervertebral disc (IVD) which activated at different time points (P3, P21, P27, P87, P184, and P362). 75 mg/kg
tamoxifen were i.p. injected into mice at above indicated different time points. The mice were harvested at day 3 following TM injection. B,
Lineage tracing of Col2+ cells in IVD at P90, which was activated at different time points (since embryo, P3, P30, P60, and P87). C, Lineage tracing
Col2+ cells in IVD for 1 month while activated at different time point (since embryo, P3, P60). 75 mg/kg tamoxifen were i.p. injected into mice at
above indicated different points. D, Quantitative measurements of the percentage of tdTomato+ cells to the total DAPI+ cells in (A) (n = 6 mice per
condition from three independent experiments). Data are mean + SD. E, Quantitative measurements of the percentage of tdTomato+ cells to the
total DAPI+ cells in (B) (n = 6 mice per condition from three independent experiments). Data are mean * SD. F, Quantitative measurements of the
percentage of the cells with tdTomato+ to the total DAPI+ cells per view of (C) (n = 6 mice per condition from three independent experiments).
Data are mean + SD. The percentage calculation in each tissue were measured at least 1000 cells each sample. Statistical significance was
determined by one-way ANOVA and Student's t test. *P < .05, **P < .01, ***P < .0001. NS, not statistically significant. Scale bar = 200 um
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Quantitative analysis showed the number of tdTomato+ cells gradually
decreased in when Col2+ cells activated since embryo (Col2-cre;
tdTomato), and at P3, P30, P60, to P87 (Figure 5B,E). Specifically,
99.2% DAPI+ GP chondrocytes were tdTomato+ cells in Col2-cre;
tdTomato mice tracing up to P90, while tdTomato+ cells decreased to
97.5%, 80.4%, 43.6%, and 39.8% in Col2-creERT;tdTomato mice when
TM was injected at P3, P30, P60, and P87 and cells were traced up to
P90, respectively. Similarly, In IAF, tdTomato+ cells in Col2-cre;
tdTomato were approximately 72.2% at P90, which decreased to
71.2%, 26.4%, 6%, and 3.1% in Col2-creERT;tdTomato mice when TM
injected at P3, P30, P60, and P87. For EP chondrocytes, 98.5% of cells
were tdTomato+ in Col2-cre;tdTomato, which decreased to 95.5% in
Col2-creERT;tdTomato mice when TM injected at P3, to 13.4% at
P30, to 3.4% at P60, and to 2.2% at P87. For NP cells, 73% of cells
were tdTomato+ when the Col2-tdTomato+ cell starting from embry-
onic stage in Col2-cre;tdTomato mice, which decreased to 1.5%, 0.6%,
0.6%, and 0.9% in Col2-creERT;tdTomato mice when TM injected at
P3, P30, P60, and P87. All these results suggest the numbers and dif-
ferentiation ability of Col2+ cells decrease during aging process.

To further confirm the differentiation ability of Col2+ progenitors
decreased with age, we compared the tdTomato+ cells in the IVD dur-
ing 1 month of tracing when tdTomato+ cells were activated starting
from embryonic stage in Col2-cre;tdTomato mice, or at P3 (when TM
injected at P3 in Col2-creERT;tdTomato mice) and P60 (when TM
injected at P60 in Col2-creERT;tdTomato mice) (Figure 5C,F). Approx-
imately 97.7% of DAPI+ GP chondrocytes were tdTomato+ when
tdTomato+ cells were activated starting from embryonic stage in
Col2-cre;tdTomato mice; however, tdTomato+ cells decreased to
98.2% when TM injected at P3, to 43.6% at P60. In IAF, 69.1% of cells
were tdTomato+ cells in Col2-cre;tdTomato mice, which decreased to
73.5% and 6% when TM injected at P3 and P60 in Col2-creERT;
tdTomato mice, respectively. For the EP chondrocytes, 98.9% of cells
were tdTomato+ in Col2-cre;tdTomato, and those cells decreased to
95.1% when TM injected at P3, to 3.4% at P60 in Col2-creERT;

tdTomato mice. For NP cells, 69.3% of cells were tdTomato+ in

(A) Col2-creERT Col2-cre IF

P6(343)

P187(184+3)

(B) Col2-creERT

Col2-cre;tdTomato mice, which decreased to 0.8% and 0.6% when
TM injected at P3 and P60 in Col2-creERT;tdTomato mice, respec-
tively. All these data further demonstrated that the differentiation

ability of Col2+ progenitors decreased during aging process.

3.6 | Theinconsistence of Col2+ cells and type Il
collagen expression in mice IVD

To better understand the relationship between embryonic or postna-
tal Col2+ cells and Col2a1 expression, we compared their localization
and distribution in IVD at different time points (Figure 6A-D). Specifi-
cally, for testing postnatal Col2+ cells, Col2-creERT;tdTomato mice
were applied with TM at P5, P27, P184, and P362, respectively, and
harvested 3 days later following TM administration. At P6, immuno-
fluorescence staining result showed that Col2a1 expressed in GP, EP,
and IAF of IVD, similar to the pattern of Col2+ cells when activated at
P3. Consistent with the trend demonstrated previously, the tdTomato
+ cells in IVD were dramatically decreased from P3 to P362 in
Col2-creERT;tdTomato mice. However, Col2al protein expression
was relatively stable during the process. Interestingly, Col2a1 expres-
sion was detected at the gel-like matrix mainly at surrounding regions
of the NP without any expression inside NP cells at P30 and P187,
however the whole NP becomes Col2al expression positive at P365
(Figure 6D). These results indicate that the expression change of
Col2a1 in NP from P187 to P365 in mice. The pattern of Col2+ cells
in Col2-cre;tdTomato mice were very stable and similar with it

described previously from P6 to P365.

3.7 | Col2+ progenitors are important for IVD
repair in injured disc

To further investigate the effect of Col2+ cells on IVD repair and

regeneration, we created a IVD injured mouse model at Co5-6 and

Col2-cre

P30(27+3)
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365 —
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FIGURE 6 The inconsistence of Col2+ cells and type Il collagen expression in mice intervertebral disc (IVD). A-D, The expression Col2+ cells
by lineage tracing of Col2-creERT;tdTomato, Col2-cre;tdTomato mice, and Col2a1 expression examined by IF staining in IVD at P6 (A), P30 (B),
P187 (C), and P365 (D). Six mice were evaluated in each group. Scale bar = 200 pm
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compared IVD repair after 2-weeks of healing in Col2-creERT;
tdTomato and Col2-creERT:DTA" :tdTomato mice (TM injected at
P21) (Figure 7A). As showed in Figure 7B, a much narrowed IVD and
severed IVDD can be observed in COI2-creERT;DTAﬂ/ﬂ;thomato
comparing with Col2-creERT;tdTomato mice indicating Col2+ cells
play an important role during IVD repair and regeneration (Figure 7B).
To trace the development of IVDD, we measured the disc height
index (DHI) in Col2-creERT and Col2-creERT;DTAM mice following
IVD injury and in Col2-creERT intact control. Radiography results
showed that DHI gradually decreased from the first week following
injury induced IVDD in Col2-creERT and Col2-creERT;DTA™ mice
comparing with intact control (Figure 7C,D). Quantitative analysis
showed the mean DHI in the Col2-creERT group was 100% in the
before of the injury and then became 88.7% + 3.5%, 85.3% + 3.4%,
and 76.8% + 4.5% at weeks 1, 2, and 4 following the injury, respec-
tively. In contrast, the DHI decreased to 73.5% + 7.4%, 36% + 5.4%,
and 3.3% + 3.9% at weeks 1, 2, and 4 in the Col2-creERT;DTA""
group, respectively (Figure 7D).
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To further trace Col2+ cells contribution to IVD repair, we
detected the tdTomato+ cells in Col2-creERT;tdTomato and Col2-
creERT;DTAM:-tdTomato mice with VD injury as well as
Col2-creERT;tdTomato intact control (Figure 7E). In the injured
Col2-creERT;tdTomato mice, the IVD exhibited prominent tdTomato+
cells in the GP and IAF space, but few tdTomato+ cells can be
detected in injured IVD of Col2-creERT;DTA":-tdTomato mice. Fur-
thermore, H&E staining analysis of mouse IVD at week 4 following
IVD injury showed much severer injury in Col2-creERT;DTAMf!
tdTomato mice compared to Col2-creERT;tdTomato mice (Figure 7F).

To further test the feature of Col2+ progenitors in injured disc,
we examined the differentiation ability and CFU-F activity assays.
Col2+ progenitors in injured disc were sorted by flow cytometry from
4-week-old Col2-creERT;tdTomato mice. The results showed that
around 88.5% of Col2+ cells sorted from injured disc can form CFU-F
colonies in vitro (Figure 7G). To assess whether Col2+ progenitors in

injured disc behave as stem cells in cell culture, the sorted Col2+ pro-

genitors  from

injured disc were induced with osteogenic,

20 um

Col2-creERT;tdTomato™"  Injury+Col2-creERT;tdTomato™  [njyry+Col2-creERT;DTA";tdTomato®"

Alcian blue

Col2+ progenitors are important for intervertebral disc (IVD) repair. A, The illustration of the experiment design. B, Representative

of X-ray images in Col2-creERT;tdTomato and Col2-creERT;DTA™™ mice. Yellow arrow: the injured IVD in each group. Scale bar = 5 mm. C,
Measurement protocol for the determination of the DHI calculated as [(d + e + f)/(a + b + c + g + h + i) x100%]. D, DHI at different time-points
following injury. Values are expressed as the mean + SD (n = 10). DHI, disc height index (n = 6 mice per condition from three independent
experiments). Data are mean + SD. E, Representative fluorescent images of coronal sections of IVD in intact Col2-creERT;tdTomato, injured
Col2-creERT;tdTomato, and Col2-creERT;DTA"™:tdTomato mice. Scale bar = 20 um. F, Representative H&E images of coronal sections of IVD in
intact Col2-creERT, injured Col2-creERT and Col2-creERT;DTA™ mice. Scale bar = 20 pm. G, CFU-F assay in Col2+ IAF progenitor. Scale

bar = 20 um. H, Trilineage differentiation of Col2+ progenitors. Osteogenic (left), chondrogenic (center), and adipogenic (right) differentiation
conditions. Statistical significance was determined by one-way ANOVA and Student's t test. *P < .05, **P < .01, ***P < .0001. NS, not statistically

significant. Scale bar = 10 pm
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chondrogenic, and adipogenic media, respectively. Figure 7H shows
that Col2+ cells have differentiation potential to tri-lineages including
chondrocytes (Alcian blue+ spheres), osteoblasts (Alizarin red+ miner-
alized matrix), and adipocytes (Oil Red+). All these findings suggested
Col2+ cells are the important progenitors for IVD repair.

4 | DISCUSSION

In this study, we revealed for the first time that embryonic Col2+ cells
ablation led to completely loss of spine. To our knowledge, it is also
the first time to report the mouse model with complete loss of spine
formation but reservation of surrounding soft tissues including spine
cord. In agreement with cell ablation results, genetic lineage tracing of
Col2-cre;tdTomato mice revealed that the majority of cells in spine
are Col2+ but the surrounding muscle are Col2—. In vertebrates,
somites develop into the main components of the paraxial skeleton,
including the spine.>®2 The dorsal portion of the somite differentiates
into muscle and dermis, whereas the ventral counterpart gives rise to
the skeletal elements of the spine.? According to our lineage tracing
and cell ablation results, the embryonic Col2+ cells may contribute to
ventral counterpart of the somite development.

Our results further showed that postnatal ablation of Col2+ cells
caused severe delay and defects in spine development. The lineage
tracing results from 4-week-old Col2-creERT;tdTomato mice showed
tdTomato+ signaling is present in the IAF, EP, GP, and some bone cells
in vertebral bone, but not in the NP when Cre was induced at P3.
Consistently, histological results suggested the pattern of IVD, and
vertebral bones were dramatically disrupted: GP and EP are shortened
with less and disorganized Col2+ cells in GP, EP, and IAF. Interest-
ingly, although few cells are tdTomato+ in NP with postnatal lineage
tracing, the dramatically disorganized NP cell alignment was detected
in Col2+ cells ablated mice suggested the NP cells are indirectly
affected by Col2+ cell ablation. So far, the source of collagen matrix
surrounding NP is still unclear.3® The fact that few cells were
tdTomato+ cells in NP when Cre was induced at P3, suggesting that
NP cannot secrete Col2al. Additionally, our results showed that
Col2a1 matrix is present surrounding NP in Col2-creERT;tdTomato
mice which completely lost in Col2+ cell ablated mice, suggesting that
the collagen matrix surrounding NP may be secreted by IAF or EP cells
given the large numbers of cells in IAF and EP are Col2+. Therefore,
the dramatically disorganized NP cells in Col2+ ablated mice may be
succeeded to the reduction of ECM and changed surrounding envi-
ronments, which need to be further investigated in the future.

It was reported that the number of Col2+ cell columns in the GP
and articular cartilage of knee decreases after the TM pulse in age
dependent manner.3* By comparing the patterns of targeted cells, we
found the percentage of the Col2+ progenitors and their differentia-
tion ability in IVD are also decreased with age in vivo. The decreased
Col2+ cells in each compartment of IVD are varied depending on the
age. Col2+ progenitors decreased most from embryonic to PO in NP,
from newborn to P21 in EP, from P21 to P30 in IAF, and from
6 months to 1-year-old in GP. The dynamic and sequential reduction

of Col2+ cells in each compartment of IVD tissues with age suggested
Col2+ cells may dominantly contribute to individual IVD compartment
developmental and function at different stages.3®

Previous studies®® indicated that nuclear Cre activity from the
Col2-creERT allele is limited to cells expressing Col2al at approxi-
mately 24 to 72 hours after TM administration. Consistently with
these results, we found that Col2a1 is expressed in IAF and EP in IVD
at P6 after TM injection at P3. Interestingly, Col2a1 expression were
found to be enriched in the gel-like matrix surrounding the NP at P30
and P187, whereas Col2alexpressed cells in Col2-creERT;tdTomato
mice are dramatically decreased when TM was injected at P27 and
P184 comparing with P5. This difference is likely because nuclear Cre
activity from the Col2-creERT allele is limited to the cells expressing
Col2a1 with TM administration, while the Col2+ ECM expression
detected by immunostaining with Col2a1 antibody reflected the bal-
ance among Col2al secretion, degradation, and accumulation,?-3738
Most interestingly, our results showed that Col2a1+ signaling locates
in the gel-like matrix surrounding the NP cells at early stage of P3 to
P187 and then dominantly locates in NP cells at P365. These results
suggest that notochordal cells undergo terminal differentiation to give

rise to chondrocyte-like cells*®”

39

that can happen between 6 month
and 1-year-old in mouse.

It was reported that progenitor cells can be detected in various
compartments of the IVD.*° In injury-induced VDD, neonates under-
went IVD healing with functional restoration and enhanced structural
repair after herniation.** However, the cell resource and cell type that
contributes to IVD repair are still unclear. In agreement with previous
studies,*! we found that IVD can heal when the mice were injured at
3-week-old mice. Very interesting, we observed that a large population
of Col2+ cells can be detected at injured site at 4 weeks follow the
injury. By ablating Col2+ cell in mice, we found that severe IVDD and
few Col2+ cells existing in injured site. Moreover, our in vitro study
showed that the Col2+ cells from injured site possess tri-lineage differ-
entiation potential and clonogenicity suggested Col2+ represented pro-
genitor cells. Thus, these results revealed that Col2+ progenitors are
essential for injury-induced IVD repair. With the development of tissues
and engineering, cell-based therapy was regarded as a promising and
effective approach for treating IVDD.*2*® Previously, the choice of cell
type is mainly focused on stem cells and NP cells. Recently, Chen et al**
reported that the injection of fibroblasts into degenerated IVD could
maintain the IVD height in cynomolgus monkeys. Considering the strong
regenerative ability of Col2+ cells, the delivery of Col2+ cells could be a
promising approach for treating IVDD in the future.

5 | CONCLUSION

In summary, our study for the first time, reveal that Col2+ cells are
major progenitor cells for spine and IVD development and mainte-
nance. Col2+ progenitors are essential contributors to the injury-
induced VD repair. Thus, our findings provide new insights into the
spine or IVD development and promising therapeutic strategies for

IVDD repair and regeneration.
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