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1 | INTRODUCTION

Abstract

Intervertebral disc degeneration and associated back pain are relatively common but
sparsely understood conditions, affecting over 70% of the population during some
point of life. Disc degeneration is often associated with a loss of nucleus pulposus (NP)
cells. Genetic mouse models offer convenient avenues to understand the cellular and
molecular regulation of the disc during its formation, growth, maintenance, and aging.
However, due to the lack of inducible driver lines to precisely target NP cells in the
postnatal mouse disc, progress in this area of research has been moderate. NP cells are
known to express cytokeratin 19 (Krt19), and tamoxifen (Tam)-inducible Krt19ERT
allele is available. The current study describes the characterization of Krt19°ERT allele
to specifically and efficiently target NP cells in neonatal, skeletally mature, middle-aged,
and aged mice using two independent fluorescent reporter lines. The efficiency of
recombination at all ages was validated by immunostaining for KRT19. Results show

9CreERT specifically drives recombination of NP cells

that following Tam induction, Krt1
in the spine of neonatal and aged mice, while no recombination was detected in the
surrounding tissues. Knee joints from skeletally mature Tam-treated Krt19<reERT*
R26%T°M mouse show the absence of recombination in all tissues and cells of the knee
joint. Thus, this study provides evidence for the use of Krt19ERT allele for genetic

characterization of NP cells at different stages of the mouse life.
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with high prevalence, the current treatments for IVD disorders and

back pain are primarily palliative, which addresses the symptoms

Lower back pain is considered as one of the top neurological
disorders worldwide and accounts for substantial financial loss,
mainly due to loss of workdays (Dieleman et al, 2016; HALE
Collaborators, 2015; Hartvigsen et al., 2018; Hoy et al., 2012). Back
pain is a multifactorial disorder and age, sex, genetics, injury, and
lifestyle including smoking play a crucial role in its etiology (Munir,
Rade, Maatta, Freidin, & Williams, 2018). Degeneration of the
intervertebral disc (IVD) is thought to be a significant contributor
to low back pain, although not all degenerated 1VDs are symptomatic

(Freemont, 2009). Despite being a significant financial burden and

transiently but does not cure the underlying cause. One of the
limitations in the development of successful therapeutics is the poor
understanding of the cellular and molecular processes that regulate
IVD development, growth and maintenance, and how these processes
change with aging, and IVD degeneration (reviewed by [Choi,
Johnson, & Risbud, 2015; Mohanty & Dahia, 2019; Mwale, 2013;
Urban & Roberts, 2003]). Elucidating the cellular and molecular
regulation of IVD growth and maintenance will enable the develop-
ment of therapeutics aimed at regenerating the IVD and treating

back pain.
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Each IVD has three main components; nucleus pulposus (NP),
annulus fibrosus (AF), and cartilaginous endplates (EP). The proteo-
glycan-rich NP is located in the center of each IVD and surrounded
by orthogonal layers of collagen-rich AF. A pair of cartilaginous EP
sandwich the NP and AF and connect the IVD to the vertebral
growth plate (GP). Healthy IVDs produce abundant extracellular
matrix molecules that play a vital role in the maintenance of its
structure and function (Antoniou et al., 1996; Mwale, 2013). IVDs are
the massive avascular structures in the body. The nutrients and
systemic factors diffuse into the IVD through the vertebral GP and
EP (Urban, Holm, & Maroudas, 1978). However, with aging, the EP
undergoes mineralization and further slows the inflow of nutrients
and systemic factors into the IVD, particularly in NP area, leading to
IVD degeneration (Urban & Winlove, 2007; Wong et al., 2019).

Development of the mouse as a model system has been crucial in
elucidating the development and pathophysiology of the IVD
(reviewed by Mohanty & Dahia, 2019). The genetic mouse models
are not only instrumental in establishing the embryonic origin of the
different components of the IVDs (Choi, Cohn, & Harfe, 2008;
McCann, Tamplin, Rossant, & Seguin, 2012; Sugimoto, Takimoto,
Hiraki, & Shukunami, 2013) but also offer robust approaches for
elucidating the role of specific genes and pathways during VD
development, aging or degeneration (Alkhatib, Liu, & Serra, 2018;
Alvarez-Garcia et al., 2018; Bonavita, Vincent, Pinelli, & Dahia, 2018;
Choi, Lee, & Harfe, 2012; Sohn, Cox, Chen, & Serra, 2010). NP cells
have been the main focus of research related to IVD biology, mainly
because they are descendant of the embryonic notochord, a source
of developmentally critical signaling ligands, crucial for maintenance
of IVD homeostasis, and their loss with age or herniation is one of the
causes of IVD degeneration and back pain (reviewed by Mohanty &
Dahia, 2019). Hence, to target approaches towards NP cells for
degenerative disc disease and back pain, it is crucial to precisely
determine the role of these cells in the maintenance as well as the
regeneration of the IVD. The Cre/LoxP system offers the conve-
nience of a site-specific recombinase technique to carry out gene
targeting in the DNA of the cells that express the gene driving Cre.
The tamoxifen (Tam) mediated induction of Cre in the modified
CreER, or CreERT2 transgene offers the additional advantage to
regulate recombination of the target gene with time, and in specific
tissues. However, despite the innovative and technological advance-
ments in mouse genetic approaches, the application of such robust
genetic approaches in IVD biology and disease had been modest. The
currently available driver lines to target conditional alleles in the NP
cells are the non-inducible Noto®® (McCann et al., 2012), Shh®"™®
(Harfe et al., 2004), and Foxa2¢™ (Uetzmann, Burtscher, & Lickert,
2008) alleles, or Tam-inducible Agc1¢R™2 (Henry et al, 2009),
Col2a1€*ER™2 (Chen et al, 2007), and Col2a1¢**R (Nakamura,
Nguyen, & Mackem, 2006). And, the Noto®™ (Bedore et al., 2013;
McCann et al., 2012), Shh"® (Winkler, Mahoney, Sinner, Wylie, &
Dahia, 2014; Wu et al., 2013), Foxa2“® (Merceron et al., 2014;
Uetzmann et al., 2008), Agc1ERT2 (Alkhatib et al., 2018; Alvarez-
Garcia et al, 2018; Henry et al, 2009; Liao et al., 2019; Novais,
Diekman, Shapiro, & Risbud, 2019), and Col2a1“ER™ (Chen et al.,

Journal-of 129
Cellular Physiology WI LEYJ—

2007; Zheng et al., 2018) alleles have been used to understand the
development, regulation, and aging of the mouse NP cells in the IVD.
However, none of these driver lines are appropriate to target NP
cells during the postnatal stages due to the constraint of spatial and
temporal regulation of their action, and specificity to the NP cells.
Hence, there is a caveat in their application to understand the role of
NP cells in postnatal IVD growth and maintenance. Therefore,
development or characterization of an inducible and efficient driver
line to target specific components of the IVD is required. Moreover,
an ideal driver line would maintain expression for the entirety of the
mouse lifespan, thereby allowing for investigation past skeletal
maturity and during aging for research aimed at understanding IVD
aging, degeneration, as well as regeneration. Considering the role of
NP cells in postnatal IVD maintenance is an essential area of research
related to IVD biology and of interest for IVD regeneration, it is
imperative to establish and characterize an efficient and inducible
driver line to target the NP cells.

Cytokeratin 19 (Krt19, Ck19, or K19) is a member of the keratin
family of proteins. There are two groups of keratins: cytokeratin and
hair keratin. The cytokeratins are intermediate filament proteins that
are part of the cytoskeleton and crucial for the structural integrity of
all epithelial cells. Krt19 is expressed by the notochord, the precursor
of NP cells. Previously CK19°" was used to target Sox9 conditional
allele to understand the role of Sox9 in the mouse notochord
(Barrionuevo, Taketo, Scherer, & Kispert, 2006). Expression of
KRT19 has been reported in the NP cells of various model systems
including rat (Lee et al., 2007), bovine (Minogue, Richardson, Zeef,
Freemont, & Hoyland, 2010), human (Minogue et al., 2010; Weiler
et al, 2010), and mouse (Dahia, Mahoney, & Wylie, 2012). Also,
KRT19 is considered a molecular marker of NP cells (Risbud et al.,
2015). Results from previous studies showed that all NP cells of
neonatal mouse lumbar 1VDs are positive for KRT19 immunostaining
(Dahia et al, 2012). Moreover, NP cells from a year-old mouse
continue to express Krt19 messenger RNA (mRNA), although its
expression declined with age (Winkler et al., 2014). A Tam-inducible
Cre constructed under the promoter of Krt19 is available (also known
as CK19°ERT and Krt19tm(ere/ERTIGsu, ). Means, Xu, Zhao, Ray, & Gu,
2008). Hence, this study aims to characterize the Krt19ERT allele
for Tam-induced recombination in the NP cells using conditional
fluorescent reporter alleles in postnatal mice at an early neonatal
stage, at skeletal maturity, middle age, and by 2 years of age. The
postnatal stages analyzed for characterization of the Krt19reERT
allele are based on the current literature on mouse model system to
understand the role of NP cells in the postnatal IVD (Alkhatib et al.,
2018; Alvarez-Garcia et al., 2018; Bonavita et al., 2018; Dahia et al.,
2012; Vincent et al., 2019; Wu et al., 2013).

2 | METHODS

2.1 | Mice

All mice used in the study were maintained in adherence with the

guidelines delineated by the National Institutes of Health Guide for
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the Care and Use of Laboratory Animals. The experiments were
conducted following approval and in adherence to institutional
guidelines under Institutional Animal Care and Use Committee at
Weill Cornell Medical College. Up to four littermates were housed
together in a cage in a 12-hr day and 12-hr night cycle facility with
food and water ad libitum. Krt19tmi(cre/ERTIGsU — (ptq gCreERT -
CK19“ERT  [Means et al., 2008]), Gt(ROSA)26Sor'm3ACTE-tdTomato-
EGFP)Luo/j (R26™7™S, [Muzumdar, Tasic, Miyamichi, Li, & Luo, 2007]),
and Gt(ROSA)26Sortm14CAC-tdTomatolHze/j (R4tTOM  [Madisen et al.,
2010]) mice lines were used in the study. The genotypes were
confirmed by polymerase chain reaction using genomic DNA from
the toe or tail biopsy of neonatal mice, and using allele-specific
primers as previously published (Madisen et al., 2010; Means et al.,
2008; Muzumdar et al., 2007). Tamoxifen (T5648; Sigma-Aldrich) was
prepared in warm corn oil (20 mg/ml) and dissolved by overnight
incubation in a shaker at 37°C. Previous studies show rapid and
robust recombination following oral gavage of tamoxifen in adult
mice (Park et al., 2008). Also, repeated intraperitoneal injections
could result in sterile peritonitis due to the accumulation of oil in the
peritoneal cavity of the mice (Whitfield, Littlewood, & Soucek, 2015).
Hence, for skeletally mature mice tamoxifen was administered by
oral gavage at a dose of 200 pg/g body weight (Bowers et al., 2012;
Lapinski et al., 2007; Lapinski et al., 2012), three times and 1 day
apart. In neonates, tamoxifen was injected subcutaneously or
intraperitoneally at a dose of 200 pg/g body weight using 31-gauge
syringe needle either every day or every other day. Phosphate
buffered saline (PBS) was injected intraperitoneally at P26 to
Krt19CreERT/*, R26'TOM a5 no tamoxifen control.

2.2 | Genetic recombination and
immunofluorescence analysis

The entire spine and hind-limbs were dissected in cold PBS and fixed
for 4 hours in 4% paraformaldehyde, and then washed in PBS for
imaging, or were processed for cryosectioning. The spine and knee
joints from 6 M old Krt19°ERT/*; R2619TOM mice were imaged using
DsRed Zeiss Axio Zoom.V16 stereoscope, DsRed epifluorescence,
and accompanying Zen software. The samples from skeletally mature
mice decalcified for 9 days in 0.5 ethylenediaminetetraacetic acid
(E9884; Sigma-Aldrich), pH 7.6 at 8°C. Following decalcification, all
samples were washed three times for 30 min each in cold PBS. Next,
the spines were prepared for cryosectioning using Tissue-Tek®
optimum cutting temperature (102094-106; O.C.T, VWR) molds, and
were snap frozen and stored at -80°C until further use. Cryosections
were prepared at a thickness of 8 um using a Leica cryostat and
stored at -80°C. The spine was cryosectioned in the coronal plane
and transverse plane, while the knee joint, was cryosectioned in the
sagittal plane. For determining recombination efficiency, the cryo-
sections were washed twice in PBS and counterstained with 4’
,6-diamidino-2-phenylindole (DAPI; 1:5,000; D1306; Life Technolo-
gies) for 5min. The slides were mounted using ProLong™ Diamond
(P36962; Life Technologies), and imaged using DAPI, GFP, and TxRD

filter cubes of Nikon Eclipse microscope and NIS elements software

(Nikon, Japan). Images were captured at 10x and 60x magnifications.
High magnification (60x) images were deconvoluted in the NIS
elements software using the Landweber algorithm and with 15
iterations.

Immunostaining was conducted on the IVDs cryosectioned in
the coronal plane as previously described (Dahia et al., 2012).
Briefly, first, the cryosections were air-dried and rehydrated in
PBS. Sections were permeabilized for 20 min using 0.25% Triton-
x100 prepared in PBS. Next, the sections were blocked for 1 hour
at room temperature in blocking buffer (10% donkey serum [017-
000-121; Jackson ImmunoResearch], 4% immunoglobulin G [IgG]-
free bovine serum albumin [001-000-162; Jackson ImmunoRe-
search] and 0.1% PBST) in a humidified chamber. Then the
samples were incubated with KRT19 primary antibody (KRT19/
TROMA-III), rat monoclonal IgG (1:100; DSHB, TROMA-III)
prepared in blocking buffer overnight at 4°C and in a humidified
chamber. The next day slides were washed in PBS three times and
for 5 min each. Then the slides were incubated with Alexa Fluor®
647-AffiniPure goat anti-rat 1gG (112-605-062; Jackson Immu-
noResearch) secondary antibody diluted in blocking buffer, in a
room temperature humidifier for 1 hour and protected from light.
Sections were counterstained with DAPI (1:5,000; D1306; Life
Technologies) for 5 min and mounted in ProLong™ Gold (P36934;
Life Technologies). A negative control slide was also processed
along with the samples and in a similar way except for not
incubating with primary antibody. This negative control slide was
used to determine background and exposure parameters. All
samples were imaged at 10x and 60x magnifications as described
above. High magnification (60x) images were deconvoluted as
described above.

2.3 | Quantification of immunofluorescence data

Recombination efficiency was quantified using the NIS elements
software. The nuclei were counted by defining a polygonal region of
interest (ROI) around the entire NP area and then thresholding for DAPI
for object count. Next, the number of mGFP+ or the number of mMTOM+
NP cells within that ROl were counted manually, and these numbers
were divided by the total number of nuclei to determine the percentage
of recombined NP cells. As all NP cells were KRT19 immunofluorescence
(IF+), the percentage of mGFP+ and mTOM+ NP cells that expressed
KRT19 was calculated as described above. To determine the age-related
change in KRT19 expression in the NP cells, the ROl was drawn around
the entire NP area and the sum intensity for KRT19-IF was determined,
which was then divided by the number of cells. To determine the change
in KRT19-IF intensity per NP cell in the recombined (mGFP+) and non-
recombined (MTOM+) NP cell population, a ROl was drawn around 20
individual cells that were either mGFP+ or mTOM+ within a disc. Next
the sum intensity for KRT19-IF within these NP cells was determined and
divided by 20 to then determine the average KRT19 intensity per NP cell
in each category. Quantification was performed on at least three serial
sections, which were considered as technical replicates from each lumbar

IVD of a given biological replicate, and the data is presented as the
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FIGURE 1 Efficient targeting of the neonatal mouse NP cells by Krt19°ERT allele is dose and time dependent. Representative
epifluorescence images of lumbar IVDs cryosectioned in the mid-coronal plane from P6 to P28 old mice. (a,a’) Lumbar IVD from P6 Krt19<eERT/*.
R26™MC following one dose of tamoxifen (+Tam x1). (b,b’) Lumbar IVD from P7 Krt19<ERT/*: R26MT/MC fo|lowing two doses of tamoxifen (+Tam
x2). (c,c’) Lumbar IVD from P8 Krt19rERT*: R26mT/mG following three doses of tamoxifen (+Tam x3). (d,d’) Lumbar IVD from P7 R26™"/mC¢
following two doses of tamoxifen (+Tam x2). (e,e’) Lumbar IVD from P28 Krt19<ERT/+. R26MMC mjce following PBS treatment (No Tam
control). (f) Quantification of the percentage of recombined NP cells calculated over a total number of NP cells in the disc. Epifluorescence
images of the mid-coronal section of the cervical (g), thoracic (h), sacral (i), and caudal (j) IVDs from P7 Krt19<ERT/*. R26™T/MC following two
doses of tamoxifen treatment (+Tam x2). All cryosections were counterstained with DAPI (blue). Images in (a-e,g-j) are captured at 10x
magnification. Images in (a’-e’) are captured at 60x magnification. For testing recombination, n=2 for +Tam x1, n=2 +Tam x2, n= 3 +Tam x3,
n=4 +Tam x2 for R26mT/mG only, and n =2 for PBS only and no Tam control. ***<0.001 ****<0.0001. One-way ANOVA with post hoc Tukey
test. AF, annulus fibrosus; ANOVA, analysis of variance; DAPI, 4',6-diamidino-2-phenylindole; EP, endplate; GP, growth plate; iAF, inner annulus

fibrosus; IVD, intervertebral disc; Krt19, keratin 19; NP, nucleus pulposus; oAF, outer annulus fibrosus; Tam, tamoxifen; VB, vertebral body; x,
times
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mean + standard error of the mean (SEM). The percentages of either factor prompted Tukey post hoc analyses for multiple comparisons.
recombined NP cells were statistically analyzed using one-way analysis A p<.05 was considered statistically significant. To quantify data
of variance using GraphPad prism version 8.0. The relevant factor in presented in Figure 3k a two-tailed t test was performed to compare
Figure 1 was the number of doses of Tam that were administered, while the sum intensity for KRT19-IF in mGFP+ versus mTOM+ NP cells within
age was the relevant factor in Figures 2 and 3. A significant main effect of each age cohort.
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FIGURE 2 Efficient and specific targeting of the NP cells by Krt19ERT allele in the IVD with age. (a-d’,f) Representative epifluorescence
images of mid-coronal lumbar IVDs from adult mice at different ages. Lumbar IVDs from 3-5 M (a-b’), 12 M (c,c’), and 24 M old (d,d’) tamoxifen-
treated Krt19¢ERT/*: R26MT/MG mice. (e) Representative epifluorescence image of lumbar IVD cryosectioned in the transverse plane from 4 M
old tamoxifen-treated Krt19<ERT/*: R26™MC mouse. (f) Representative epifluorescence image of the mid-coronal cryosection from 4 M old
tamoxifen-treated R26™7™® mouse. (g) Quantification of percentages of mGFP+NP cells calculated over a total number of NP cells. All
cryosections were counterstained with DAPI (blue). (a-f) Images captured at 10x magnification. (a’-d’) Images captured at 60x magnification.
For testing recombination, n = 3 for +Tam x2 (a,a’,e), n =4 +Tam x3 (b,b’), n=3 +Tam x3 over 12 M of age (c-d’), n= 3 +Tam x2 for R26mT/mG
only (f). *<0.05. One-way ANOVA with post hoc Tukey test. AF, annulus fibrosus; ANOVA, analysis of variance; DAPI, 4',6-diamidino-2-
phenylindole; EP, endplate; GP, growth plate; IVD, intervertebral disc; Krt19, keratin 19; NP, nucleus pulposus; Tam, tamoxifen; VB, vertebral
body; x, times
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Immunostaining for KRT19 expression in the NP cells with age. (a-h’) Representative epifluorescence images of the mid-coronal

cryosections of lumbar IVDs immunostained for KRT19 (white). Lumbar IVDs from P8-12 (a,a’e,€’), 3-5M (b,b'ff), 12M (c,c’g.g), and 24 M old
(d,d’)h,h") tamoxifen-treated Krt19“ERT/*: R26MMC mijce. (e-h) Colocalization of KRT19- IF+ (white) and mTOM+ (red) in the NP cells imaged at
60x magnification. (e’-h’) Colocalization of KRT19-IF+ (white) and mGFP+ (green) in NP cells imaged at 60x magnification. (i) Quantification of the
percentages of KRT19-IF+/mGFP+NP cells and KRT19-IF+/mTOM+NP cells with age. (j) Quantification of the sum intensity for KRT19
immunofluorescence in the entire NP cell population with age. (k) Quantification of the sum intensity for KRT19 immunofluorescence specifically in
the mGFP+NP cells and mTOM+NP cells with age. (a-d’) Images captured at 10x magnification. n = 3 for P8-12, n = 3 for 3-5M, n = 3 for over 12M
of age. *<0.05, **<0.01. One-way ANOVA with post hoc Tukey test. ANOVA, analysis of variance; a.u., arbitrary units; IF, immunofluorescence; IVD,
intervertebral disc; Krt19, keratin 19; NP, nucleus pulposus; Tam, tamoxifen; x, times

3 | RESULTS

9CreERT allele for

To determine the specificity and efficiency of Krt1
targeting the NP cells of postnatal mouse I1VDs, first, we utilized the
R26™mC reporter line. The R26™™C is a membrane-tagged dual
fluorescent (tomato and GFP) Cre-reporter allele (Muzumdar et al.,
2007). In the absence of Cre recombinase, all cells and tissues of the
mouse carrying the R26™”™C allele express the membrane-bound

tdTomato (mT or mTOM) and appear red under epifluorescence.

However, in the presence of Cre under a cell-specific promoter,
recombination will cause floxing out, or targeting, the mTOM
cassette, and induce the expression of membrane-bound EGFP
(mG or mGFP) and now these cells will appear green under
epifluorescence (Muzumdar et al., 2007). To analyze the specificity
of Krt19™ERT to target NP cells, we crossed Krt19<ERT allele with
R26™MC reporter allele to generate Krt19ERT*: R26™T/MC [ine.
Hence, the Krt19ERT*; R26MMC Jine will not only differentiate

recombined cells (green, mGFP+) from non-recombined cells
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(red, mTOM4+) but will also allow identifying each component (NP vs.
AF or EP) of the IVD, and enable to precisely measure recombination
efficiency (mGFP+/DAPI+).

3.1 | Krt19°"ERT allele efficiently targets NP cells in
the IVDs of neonatal mice

First, the adequate dose of Tam and the time required to efficiently
induce Krt19°"**RT mediated recombination of the R26™”™C reporter
in the NP cells was determined in postnatal day five (P5) pups.
Following a single dose of tamoxifen (+Tam x1) and 24 hr later, only
4.8% (SEM +0.5) of NP cells were observed to turn mGFP+ in P6
mouse lumbar IVD (Figure 1af). Following two doses of Tam
administrated at P5 and P6 (+Tam x2), 77.2% (SEM + 1.813) of NP
were mGFP+ in P7 mouse lumbar IVDs (Figure 1b,f). Following three
doses of Tam administrated at P5, P6, and P7 (+Tam x3), 92.0%
(SEM £0.362) of NP cells were mGFP+ in P8 mouse lumbar IVDs
(Figure 1c,f). Tam administration at P5 and P6 (+Tam x2) to the
R26™7MC |ittermates did not cause any nonspecific recombination,
and all cells of the lumbar IVD, including NP cells, continued to
express mTOM as shown at P7 (Figure 1d,f). Also, PBS treated P28
Krt19€eERT. R26™T/MG mice that served as no tam control (no Tam),
did not show any leaky recombination in the NP cells, and all cells in
the IVD continued to be mTOM+ (Figure 1e,f). At all doses tested and
time points analyzed, the mGFP+ cells were restricted only to the NP
region of the lumbar IVD (Figure 1a-c). Next, the Tam-induced
Krt19°ERT mediated recombination of R26™”™C¢ reporter was
analyzed in the IVDs from the cervical, thoracic, sacral, and caudal
regions of the spine following Tam administration at P5 and Pé
(+Tam x2). NP cells exclusively turned mGFP+ in the cervical (Figure
1g), thoracic (Figure 1h), sacral (Figure 1i), and caudal (Figure 1j) IVDs
at P7, indicating that Krt19ERT specifically targets NP cells
irrespective of the region of the spine in a week-old mouse. No
mGFP+ cells were observed in the other components of VD
throughout the spine including the inner region of AF (iAF), the
outer region of AF (0AF), and the cartilaginous EP with all doses and
time points tested (Figure 1a-j). Also, the adjacent growth plate (GP),
and vertebral bodies (bone as well as marrow) of the Tam-treated
Krt19CeERT*. R26MT/MG Khups were negative for any recombination
(Figure 1a-j). The results indicate that the Krt19ERT mediated
recombination is specific to NP cells within the spine of a neonatal

mouse.

3.2 | Krt19<"ERT jllele efficiently targets NP cells in
the IVDs of skeletally mature mice

Next, the Tam-induced Krt19°ERT mediated recombination was
evaluated in the NP cells of skeletally mature, and aged mice. First,
the dosage of Tam required to vyield high recombination was
determined. Tam was administered by oral gavage to three-month-
old to five-month-old (3-5M) Krt19“ER™*; R26™/™C mice. Con-
sidering IVD is avascular with a slower rate of diffusion with age

(Urban & W.inlove, 2007), another dose of tamoxifen was

administered a day later (+Tam x2). Two days after the last dose of
Tam, lumbar spine was dissected and cryosectioned. Images were
captured using a wide-field epifluorescence microscope at low and
high magnifications (Figure 2a,). Quantification of mGFP+ NP cells
revealed that Krt19<*5RT mediated recombination of the R26™"/mC¢
allele occurred in 66.77% (SEM + 9.821) of the NP cells (Figure 2a,g).
Administration of a third dose of tamoxifen (+Tam x3), increased the
recombination to 89.06% (SEM +0.870) in the NP cells of 3-5M old
Krt19CeERT/*: R26MT/MS mice (Figure 2b,g). Finally, Tam-induced
Krt19™ERT mediated recombination of R26™™™C allele was assessed
in 12M and 24 M old mice. Three oral gavages of tamoxifen (+Tam
x3) were administered that were 1 day apart. Tam-induced
recombination was observed in 72.46% (SEM+0.662) of the NP
cells in the IVDs from 12M and 24M old Krt19<*ER™/*; R2gmT/mS
mice (Figure 2c,d,g). All other tissues in the spine including inner and
outer AF, cartilaginous EP, growth plate, and vertebral bodies (bone
as well as marrow) continued to be mTOM+ at all ages analyzed in
the Tam-induced Krt19<ERT*: R26M/MC mice (Figure 2a-d). A
transverse section through the lumbar IVD of Tam-induced (+Tam
x2) 4 M old Krt19ERT/*. R26MT/MG mice also shows that Krt19<reERT
is specific to NP cells that were mGFP+, while the surrounding AF did
not undergo recombination and continued to be mTOM+ (Figure 2e).
Figure 2f shows the absence of recombination in a 4M old Tam-
treated (+Tam x2) R26™™C |ittermate and all cells in the lumbar
spine, including NP cells, were mTOM+. Also, no recombination or
mGFP+cells were observed in Tam-treated R26™"™° control mice
analyzed at 12M and 24 M of age (data not shown). These results
indicate that the Krt19°ERT allele is specific to NP cells in the spine
at all ages analyzed (P5 through 24 M). Also, depending on the age of

9CreERT

the mouse, three doses of tamoxifen to Krt1 mice can achieve

about 72.46-92% recombination.

3.3 | Marginally reduced efficiency in adult mice is
not due to complete loss of KRT19 expression

Given that only 72.46% of the NP cells in aged mice (12 M+)
showed recombination, compared to over 92% recombination
observed in the NP cells from younger mice, we reasoned that the
lower efficiency could be due to loss of KRT19 expression in a
subset of NP cells with age. The lumbar IVDs from Tam-treated
Krt19CreERT/*: R26™T/MG mice that were P8-12, 3-5M, 12 M, and
24 M of age were immunostained for KRT19. Low and high
magnification images were captured to determine the localization
of KRT19 in NP cells that were either mGFP+ or mTOM+ (Figure
3a-h). Immunofluorescence for KRT19 (KRT19-IF) shows that it
is ubiquitously expressed by all NP cells and co-localizes
indiscriminately with both the mGFP+ and mTOM+ NP cells at
all ages analyzed (Figure 3a-d,i). Although at high magnification,
the intensity for KRT19-IF is not uniform amongst the NP cells
(Figure 3e-h), however, all NP cells continued to be KRT19-1F+
(Figure 3i). Quantification of the KRT19-IF+ NP cells that were
either mGFP+ or mTOM+ shows that the proportion of KRT19-IF
+ NP cells that are mGFP+ reduces with age (Figure 3i). A



MOHANTY ET AL

significant decrease (p<.01) in KRT19-IF sum intensity was
observed in the NP cells from P8 to over one-year of age (Figure
3j). Next, a significant (p <.05) decline in KRT19-IF sum intensity
in the non-recombined (MTOM+) NP cells versus recombined
(mGFP+) was observed in the NP cells of P8-12, which further
declined after 3 months of age (Figure 3k). Results suggest that
the reduced recombination in aged mice is likely due to reduced
expression of KRT19 by non-recombined cells, causing insuffi-
cient induction of Cre in these subsets of NP cells. Also, possibly
due to reduced diffusion of tamoxifen into the NP cells of the
aged IVDs, or a combination of the above.

3.4 | Validation of efficiency and specificity of
Krt19<ERT to target the NP cells using an additional
independent reporter allele

Next, to validate the specificity of Krt19<ERT for the NP cells in the
spine, we tested the Tam-induced Krt19°¢*RT mediated recombina-
tion using a different conditional reporter allele. Towards this,
Krt19<"ERT was crossed with Ai14 (R267°M) to generate the
Krt19CreERT/*. R26t4TOM Jine. The Ail4 is a Cre-reporter allele having
a loxP-flanked STOP cassette that prevents the expression of red
fluorescent protein variant (tdTomato or tdTOM; Madisen et al.,
2010). Following Cre or Tam-induced CreERT mediated recombina-
tion, robust cytoplasmic tdTOM fluorescence can be analyzed in
time and cell-specific manner. Following Tam administration at P7
and P9 (+Tam x2) to Krt19<ERT*; R26"TOM mice, 76% of the NP
cells were tdTOM+ in the P12 lumbar IVD (Figure 4a). Next,
following three doses of tamoxifen (+Tam x3) administration to
4-6M old Krt19<ERT/*: R24MTOM mice, 92% of the NP cells were
tdTOM+ (Figure 4b). The tdTOM+ cells were observed only in the
NP cells of the IVD at both the ages analyzed. The cells in the
surrounding tissues of the spine including muscle, spinal nerves,

vertebral bodies, GP, EP, and AF did not undergo recombination and
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were negative for tdTOM epifluorescence (Figure 4a,b). In another
experiment, 6 M old R26%T°M and Krt19<<ERT/*; R26TOM |itter-
mates were Tam-treated (+Tam x3). The thoracic spine from both
the mice was dissected and imaged using DsRed epifluorescence
and stereomicroscope (Figure 4c). Only the nucleus pulposus from
Tam-treated Krt19ERT*; R26!9TOM mouse were tdTOM+, and no
epifluorescence was detected form the Tam-treated R269T°M
littermate. These results independently confirm that Krt19¢ERT is
an efficient driver for conditional targeting of postnatal mouse NP
cells.

3.5 | The Krt19"ERT jlele is specific to the NP cells
in the musculoskeletal system

When designing experiments to determine the effect of genetic
manipulation in the NP cells of the IVD, it is crucial that cells from
other musculoskeletal tissues including joints are not targeted,
especially considering that the mouse is a quadruped and defects
in the joints may, in turn, affect the spine and the IVDs. Hence,
following administration of three doses of Tamoxifen (+Tam x3),
the Krt197ERT/* mediated recombination of R26'°M allele was
analyzed in the knee joint of 6 M old mice. Figure 5a shows the
thoracic spine and knee joint dissected from the same mouse and
imaged together using DsRed epifluorescence and stereomicro-
scope. Only the NP in the spine was observed to be tdTOM+. No
fluorescence signal was detected from the knee joint. Figure 5b
shows the DAPI stained sagittal section of the knee joint imaged
using a wide-field epifluorescence microscope equipped with
darkfield imaging. No tdTOM+ cells were observed in the entire
knee joint. All cells and tissues of the knee joint including tibia,
femur, articular cartilage (AC), the secondary center of ossifica-
tion (2°0), growth plates (GP) of these long bones, meniscus (M),
tendon (T), and muscle were negative for tdTOM epifluorescence.
These results indicate that the Krt19°ERT is exclusive to the NP

Krt1 90reERT/+; R26tdTOM

6M (+Tam x3)

P12 (+Tam x2)
(a) Vertebrae

DAPI/ mTOM

Vertebrae

200 pm

4 - 6M (+Tam x3)

Vertebrae

NP
Krt19CreERT; RDEtdTOM

Vertebrae R26tdTOM

1000 pn

FIGURE 4 Efficient and specific targeting of the R269™M allele by Krt19°"ERT in the NP cells. (a,b) Representative epifluorescence images of
the mid-coronal cryosections from the lumbar IVDs of P12 and 4-6 M old tamoxifen-treated Krt19<ERT*: R26TOM mice. Sections were
counterstained with DAPI (blue) and imaged at 10x magnification. Numbers in (a) and (b) represents the percentage of recombined (tdTOM+)
NP cells. (c) Representative images of the thoracic spines from 6 M old tamoxifen-treated R26/7°M only (left) and Krt19ERT/*; R26TOM (right)
mice imaged together using DsRed epifluorescence and stereoscope. For testing recombination, n=2 at P12 (a), n=3 at 4-6 M (b) of age. AF,
annulus fibrosus; DAPI, 4',6-diamidino-2-phenylindole; EP, endplate; GP, growth plate; iAF, inner annulus fibrosus; VD, intervertebral disc;
Krt19, keratin 19; NP, nucleus pulposus; oAF, outer annulus fibrosus; Tam, tamoxifen; VB, vertebral body; x, times
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FIGURE 5 The Krt19“ERT driver line is specific to the NP cells and does not target other musculoskeletal tissues analyzed. (a)
Representative stereoscopic image using DsRed epifluorescence of the thoracic spine (top) and knee joint (bottom) from 6 M old tamoxifen-
treated Krt19°ERT/+: R26'9TOM mouse. (b) Representative epifluorescence image of sagittal cryosection of the knee joint from 6 M old Tam-
treated Krt19°eERT*: R26%TOM counterstained with DAPI (blue) and captured at 10x magnification. n = 2. AC, articular cartilage; DAPI, 4'6-
diamidino-2-phenylindole; GP, growth plate; Krt19, keratin 19; M, meniscus; NP, nucleus pulposus; 2°0, secondary center of ossification; Tam,

tamoxifen; T, tendon; x, times

cells amongst the various musculoskeletal tissues analyzed in the
current study.

4 | DISCUSSION

Results of the current study demonstrate that Tam induction-
mediates Krt19ERT to specifically target the conditional fluorescent
alleles in the NP cells of the postnatal mouse spine. Usually, high
recombination is observed 48hr following Tam treatment in
vascularized tissues. However, as IVDs are large and avascular,
molecules from circulatory system slowly diffuses through the
growth plate and EP towards the NP cells (Urban & Winlove, 2007;
Wong et al., 2019). Results from the current study show that at least
three doses of Tam at a concentration of 200 pug/g body weight are
required to achieve about 92% recombination of conditional reporter
alleles in the NP cells of neonatal mice. In the current study, Tam-
mediated recombination was tested in the neonatal mice by
adminstering Tam on consecutive days (Figure 1b), and with a gap
of 1 day (Figure 4a). Both the approaches yielded similar efficiency of
recombination for the specific dose of Tam tested. As a relatively
higher dose of Tam is required to target the NP cells, if the
experimental design does not require immediate analysis, our
recommendation is to give at least one-day gap in between Tam
treatments to neonatal mice. Besides, in the absence of Tam, no

9CTeERT gllele does

recombination was observed, suggesting that Krt1
not mediate leaky induction in the NP cells. In young adult mice of
over 3 months of age, three doses of Tam at a concentration of
200 pg/g body weight was required to induce about 90% recombina-
tion in the NP cells of lumbar IVDs (Figures 2b, 4b). However, the
same dose of Tam yielded only 72% recombination in the NP cells of
mice that were older than 1 year of age. One possible explanation for

9CreERT/+; R26mT/mG mice at

the relatively lower recombination of Krt1
12 M and 24 M of age is that the proportion of Krt19 expressing NP

cells reduces with age. However, immunostaining for KRT19 on the

lumbar spine of Krt19ER/*: R26™TMS mice at P8-12, 3-5M, 12 M,
and 24 M of age revealed that all NP cells ubiquitously express
KRT19, although its expression reduces with age. Also, quantification
of KRT19-IF intensity within recombined (mGFP+) and non-recom-
bined (MTOM+) NP cells revealed that the non-recombined cells had
lower expression of KRT19 at each age. Previously it was demon-
strated that the mRNA expression of Krt19 declines from P4 to 1
year of age in the NP cells of mouse lumbar IVDs (Winkler et al.,
2014), hence this was not analyzed in the current study. Results from
previous studies also showed that the cartilaginous EP undergoes
mineralization with age, which further reduces the diffusion of
systemic molecules into the NP space (Urban & Winlove, 2007).

9CreERT mediated recombination in the NP

Hence, to enhance the Krt1
cells past 1 year of age, either more than three doses of Tam at a
concentration of 200 pg/g body weight or higher doses of tamoxifen
may be required. Previously, Tam-mediated Krt19ERT/+; Ro4tdTOM
recombination was observed only in a subset of NP cells in the sacral
IVD of the 12-week-old mouse (Bonavita et al., 2018). While KRT19
was expressed by all NP cells in the sacral IVD of P4 mouse, the
percentages of KRT19-IF+ cells in the sacral IVD reduced from P4 to
12-weeks of age (Bonavita et al, 2018). Hence, the higher
recombination observed in the NP cells of P7 mouse sacral IVD
(Figure 1i) in the current study is due to ubiquitous KRT19
expression at this age. Also, in the current study, Tam-induced
Krt19mERT mediated recombination occurred with equal efficiency in
the NP cells from the IVDs of the cervical, thoracic, lumbar, sacral,
and caudal region of the spine in a neonatal mouse, as KRT19 is
ubiquitously expressed by NP cells at this age.

The ability to precisely target NP cells at a given time during the
postnatal stages has been a limitation. The current strategy to
determine loss of gene function in NP cells is either by using non-
inducible alleles including Noto®® (McCann et al, 2012), Shh®*
(Harfe et al, 2004), or Foxa2® (Uetzmann et al, 2008), where
the recombination or targeting of conditional allele occurs at

the node and early notochord stage in the embryo, which is before
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the formation of the IVDs. Moreover, in addition to targeting
the notochord, both Shh® and Foxa2“"® also mediate recombination
of conditional alleles in the adjacent floor plate, and several organs
during organogenesis. For example, Foxa2“® mediates unregulated
recombination in the progenitor of endoderm during embryogenesis,
thus targeting most of the cells and organs derived from the
endoderm (Uetzmann et al., 2008). And Shh®® mediates unregulated
recombination in organs arising from definitive endoderm including
the bladder urothelium (Bell et al., 2011), the epithelium of
submandibular glands (Szymaniak et al., 2017), the gastrointestinal
tract (Mao, Kim, Rajurkar, Shivdasani, & McMahon, 2010), the
trachea and esophagus (Kishimoto et al., 2018), the lung epithelium
(Kadzik et al., 2014), and the epidermal placode (Levy, Lindon, Harfe,
& Morgan, 2005). Therefore, due to the lack of spatial and temporal
regulation of Shh®"™ and Foxa2<" driver lines, they are unsuitable for
targeting conditional alleles to determine their function in postnatal
NP cells. For example, in a study by Winkler et al. (2014) the effects
of targeting WNT signaling on the NP cells of the IVD was analyzed
using Shh®; Wis™ However, the mutant embryos had develop-
mental defects in lung and were not viable post birth. Thus, the study
was limited to only analyzing the effects of loss of Wis (Wntless or Evi)
in the notochord descendant NP cells at E18.5 (Winkler et al., 2014).
While Noto®® is specific to the node and early notochord, it
nevertheless targets conditional genes during development; hence
it will not be feasible to differentiate the role of a specific gene during
IVD development from that during postnatal IVD growth and
maintenance. A Tam-inducible Foxa2“"®¥R™2 (also known as Foxa2™™)
allele is available (Park et al, 2008), but due to its transient
expression in the notochord till E9.5 (Choi et al., 2012), it is not
suitable for postnatal studies. An inducible Shh*R72 (Harfe et al.,
2004) allele is also available. However, very few NP cells were

hCeERT2 3llele in the

targeted following Tam administration to Sh
postnatal mouse IVDs (Zheng et al., 2019). In addition to node or
notochord specific alleles, the use of Tam-inducible alleles under the
extracellular matrix genes including aggrecan using Agc1C¢"ERT?
(Henry et al., 2009; Henry, Liang, Akdemir, & de Crombrugghe,
2012), and collagen type 2al using Col2a1ER72 (Chen et al., 2007)
are used to target NP cells in the postnatal stages (Alkhatib et al.,
2018; Alvarez-Garcia et al., 2018; Chen et al., 2007; Henry et al.,,
2012; Liao et al, 2019; Novais et al, 2019; Zheng et al., 2018).
However, these Tam-inducible alleles are not specific to a particular
compartment of the IVD (NP, inner and outer AF or EP). In addition,
these driver lines also mediate recombination of conditional alleles in
cartilage including adjacent vertebral growth plate chondrocytes, AC,
growth plate of long bone (Cantley et al., 2013; Henry et al.,, 2012;
Hirai, Chagin, Kobayashi, Mackem, & Kronenberg, 2011; Maeda et al.,
2007; Nagao, Cheong, & Olsen, 2016; Ono, Ono, Nagasawa, &
Kronenberg, 2014; Zhou et al., 2014), tendon and ligaments (Nagao
et al, 2016), and other cartilaginous tissues in the body including
nasal capsule cartilage (Kaucka et al., 2018). Hence, in experiments
utilizing these driver lines alterations or defects in the musculoske-
letal tissues and joints may, in turn, affect the posture of the mouse

as well as uneven loading of the spine and the IVDs. Therefore, these
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inducible driver lines driven by genes that are expressed by various
cartilaginous tissues are not ideal for targeting the NP cells.
Characterization of a Col1a2°RT allele (Bou-Gharios et al., 1996)
in the three-week-old mouse IVD showed that this allele is specific
for outer AF (Bedore, Quesnel, Quinonez, Seguin, & Leask, 2016).
However, in addition to outer AF, Col1a2°"ERT is also expressed in
several cells, including osteoblasts (Bou-Gharios et al., 1996). Thus,
the major caveat of the currently available Tam-inducible alleles is
their lack of specificity, specifically for genetic experiments aimed at
understanding the role of NP cells in postnatal IVD development,

9CreER allele characterized in the

maintenance, and aging. The Krt1
current study, overcomes these limitations because of its spatio-
temporal regulation, specifically in the NP cells of the musculoske-
letal system.

Nevertheless, despite the utility of the Krt19ERT in efficiently

CreERT also

targeting NP cells, Tam-mediated recombination of Krt19
occurs in the epithelial cells of the postnatal mouse including
pancreatic tissue, hepatic epithelial tissues, intestinal epithelial cells,
stomach (Means et al., 2008), and hair follicle stem cells (Zito et al.,
2014). Hence, in addition to the NP within the IVD, Tam will also
induce Krt19°ERT mediated recombination in these tissues. Hence, in
the experiments using Krt19"ERT allele for conditional knockdown or
overexpression of the genes of interest, the effects on these organs
should be considered. One of the ways is to weigh the mice before
Tam administration and at the end of the experiment to determine
changes in body weight compared to littermate controls. However,
considering that the IVDs are the largest avascular tissues, and
spatially distant from these organs, genetic manipulation in these
organs having a direct effect on the NP cells is highly unlikely.

In summary, the current study demonstrates that the Krt19mERT
allele precisely and efficiently targets NP cells in the IVD of neonatal,
skeletally mature and aged mice, without inducing nonspecific
recombination in the surrounding tissues within the spine, as well
as other musculoskeletal tissues including the knee joints. Thus,
findings from the current study yield a promising avenue for the use
of Krt19°ERT in developing genetic mouse models by conditional
gene targeting, and lineage-tracing studies to exclusively determine
the role of NP cells in the postnatal stages and during degeneration
and aging. Such studies will advance our understanding about the
role of NP cells at the cellular and molecular level in maintenance of
the microenvironment of the IVD during the postnatal age; whether
loss of NP-specific signals affects the IVD microenvironment; and
whether quiescent NP cells can be targeted for reactivation of the

entire disc (Bonavita et al., 2018) aimed toward disc regeneration.
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