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Abstract

The mechanisms of obesity and type 2 diabetes (T2D)-associated impaired fracture healing are poorly
studied. In a murine model of T2D reflecting both hyperinsulinemia induced by high fat diet (HFD) and
insulinopenia induced by treatment with streptozotocin (STZ), we examined bone healing in a tibia cortical
bone defect. A delayed bone healing was observed during hyperinsulinemia as newly formed bone was
reduced by — 28.4+7.7% and was associated with accumulation of marrow adipocytes at the defect site
+124.06£38.71%, and increased density of SCA1+ (+74.99+ 29.19%) but not Runx2*osteoprogenitor cells. We
also observed increased in reactive oxygen species production (+101.82+ 33.05%), senescence gene
signature (=106.66+ 34.03%) and LAMIN B1- senescent cell density (+225.18+ 43.15%), suggesting
accelerated senescence phenotype. During insulinopenia, a more pronounced delayed bone healing was
observed with decreased newly formed bone to -34.9+ 6.2% which was inversely correlated with glucose
levels (R?=0.48, p<0.004) and callus adipose tissue area (R?=0.3711, p<0.01). Finally, to investigate the
relevance to human physiology, we observed that sera from obese and T2D subjects had disease state-
specific inhibitory effects on osteoblast related gene signatures in human bone marrow stromal cells which
resulted in inhibition of osteoblast and enhanced adipocyte differentiation. Our data demonstrate that T2D
exerts negative effects on bone healing through inhibition of osteoblast differentiation of skeletal stem cells
and induction of accelerated bone senescence and that the hyperglycaemia per se and not just insulin levels

is detrimental for bone healing.

Significance Statement

Obesity and sedentary lifestyle increase risk for developing Type 2 Diabetes Mellitus (T2D). Among obesity
and T2D complications is impaired bone fracture healing. The mechanisms leading to such complications are
poorly studied. We examined tibia mono-cortical healing in insulin-resistance-obesity and T2D insulinopenic
stages. We identified the contribution of the inhibition of a proper osteoblastic differentiation of the skeletal
stem cells as well as the induction of a bone senescence environment to the impaired bone healing. The

study also revealed that the hyperglycaemia per se and not just insulin levels is detrimental for bone healing.
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Introduction

Delayed union or non-union fracture healing are observed in 5 to 10% of all fractures and result in persistent
pain, long-term disability and a need for second surgery, with high personal and socio-economic cost [1].
Obesity and type 2 diabetes (T2D) are important factors predisposing to this complication [2-4]. In addition,
obesity and T2D are associated with increased bone fragility and fracture risk [5-8]. Also, the severity of
skeletal fragility is positively correlated with poor glycemic control [9] and the presence of diabetic

complications including microvascular disease [10-14].

The cellular and molecular mechanisms underlying defective bone healing in obesity and T2D, are poorly
understood. Some studies have demonstrated the presence of a defective bone formation by osteoblastic
cells in obese mice [15] and impaired angiogenesis as observed in osteoblast-specific VEGFa-deficient mice
[15-18]. In addition, it is not clear whether hyperglycemia or defective insulin signaling are the underlying
mechanisms. Most studies have employed either genetic models e.g. db/db mice that are defective in leptin
receptor signaling or obese mice induced by high fat diet (HFD) [19,20] as models of hyperinsulinemia and
insulin-resistance. However, T2D is a heterogeneous disease characterized by a hyperinsulinemic phase
caused by insulin resistance and an insulinopenic phase caused by pancreatic beta-cell failure [21]. The
relative contribution of hyperinsulinemia versus insulinopenia to defective bone fracture healing, is not

known.

Bone regeneration during fracture healing is mediated by skeletal stem and progenitor cells (also known as
marrow stromal cells) (MSC) originating from bone marrow [22,23] or periosteum [24,25] with capacity for
differentiation into bone forming osteoblastic cells (OB). Bone marrow (BM)-MSC differentiation to OB cells,
is impaired in several clinical conditions known to be associated with defective bone regeneration e.g. aging
and osteoporosis [26]. We have also recently reported that in obese hyperinsulinemic mice and humans,

impaired OB differentiation of BM-MSC and enhanced differentiation to adipocytes are observed [27,28].
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In the current study, we examined dynamics of bone fracture healing of a tibial cortical defect in a murine
model of T2D reflecting both hyperinsulinemia caused by insulin resistance induced by HFD and insulinopenia
induced by low doses streptozotocin (STZ) [29]. The tibial cortical defect model recapitulates phases of
healing of a stabilized bone fracture [30]. We also examined the underlying cellular and molecular changes
in MSC and bone microenvironment. To test the relevance to human physiology, the impact of sera from

lean, obese and T2D patients was evaluated on the differentiation potential of hBM-MSCs.

Materials & Methods

Animals

Eight weeks old C57BL/6J male mice (C57BL/6JBomTac) from Taconic were housed under standard conditions
(21°C, 55% relative humidity) on a 12-h light, 12-h dark cycle. Ad libitum food (Altromin® or D12492, Research
Diets Inc.) and water were provided. All experimental animal procedures were approved by the Danish animal

inspectorate (Dyreforsggstilsynet) (2017-15-0201-01210).

Experimental design

Experimental design is illustrated in figure 1A and figure 5A. Nighty male mice C57BL/6J were used for our
first type of set up and divided accordingly to the experimental groups: (normal diet group (ND) n=45 and
high fat diet group (HFD) n=45). In the HFD group, hyperinsulinemia was induced by 60% HFD feeding
(Research Diets Inc D12492, containing 35% fat, 26% protein, 26% carbohydrate, 8.8% sucrose) from 8 weeks
of age. Forty-eight male mice C57BL76J were used for our second set up and divided into 3 experimental
groups (ND, HFD and HFD-STZ with n=16 for each). Insulinopenia was induced by 5 consecutive daily injection

of low doses of Streptozotocin (STZ) (40 mg/kg body weight) 3 weeks after the start of the 60% HFD feeding
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[29,31] for the HFD-STZ group. STZ was extemporaneously dissolved in ice cold 0.1M citrate buffer, pH 4.5.

Control group (ND) and HFD were injected with vehicle alone: 0.1M citrate buffer, pH4.5.

Monocortical tibial defect (MCTD)

Under general anesthesia of 100 mg/kg ketamine and 10 mg/kg xylazine (i.p. injection), a monocortical tibia
defect in the right leg of the mice, was performed as previously described [30,32,33]. In brief, the lateral
aspect of the right tibia was exposed and by using a dental drill, a monocortical osseous hole of 0.8 mm
diameter was created on the anterior surface of the tibia crest. Saline solution was used to remove bone dust
and fragments from the defect. The anterior tibial muscle was restored into its anatomical position and skin

was sutured. After surgery, oral Temgesic analgesia was administered.

Body composition
Body weight, total body fat and lean mass percentage were evaluated using dual-energy X-ray
absorptiometry (DEXA) by using a PIXImus2® (version 1.44; Lunar Cooperation). DEXA scans were acquired

on sedated mice.

Glucose tolerance test (GTT)
GTT was performed after overnight-fast and the mice were injected with D-glucose 1 g/kg intraperitoneally

(i.p.) and glucose levels were measured at different time points using a BREEZE® 2 meter (Bayer®).

Insulin concentration
Insulin concentration was evaluated by Insulin Elisa (Thermofisher) in fasting blood serum collected at the

end of the experiments.

u-CT imaging and analysis

5
ScholarOne Support: (434) 964-4100



oNOYTULT D WN =

Stem Cells Page 6 of 39

Bone healing was evaluated by in vivo uCT-imaging (vivaCT40 SCANCO Medical, Switzerland) with a voxel size
of 10.5 um at day (D)7, D14, D21 [30,34]. The defect region was defined between the interrupted cortical
bone ends and a total of 80 slides (0.8 mm in length) covering most of the drilled cortical hole, were used for
3D reconstruction and analysis.

For the assessment of the Bone Marrow Adipose Tissue (BMAT) in the tibiae, we used contrast-enhanced p-
CT (CE-CT). For this, tibiae were fixed in formalin during 24 hours, were transferred to phosphate buffered
saline (PBS) and were thereafter transferred to a polyoxometalate (POM)-based contrast solution (35mg of
Hafnium-Wells Dawson POM per 1 ml PBS) [35]. Prior to the POM-staining, the distal ends of the bones were
removed to allow better diffusion of the contrast solution into the bone marrow compartment. Samples were
incubated in the contrast solution, while shaking gently, for 48 hours prior to CE-CT imaging. We used a
Phoenix NanoTom M (GE Measurement and Control solutions, Germany) at a voltage of 60 kV and a current
of 140 pA, and a 0.2 mm aluminum filter was used. The exposure time was 500 ms, and 1200 images were
acquired over 360° (frame averaging = 3; image skip = 1). We scanned at a 2 um isotropic voxel size. The
BMAT volume was assessed in the proximal metaphysis starting directly underneath growth plate and
covering a height of 1.2mm distal to the growth plate using CTAn (Bruker MicroCT, Belgium), as previously

described [35].

Isolation and culture of mouse BM-MSCs

Cells were isolated as previously reported [27]. Briefly front and hind limbs were collected after 12 weeks
HFD or 6 weeks HFD + STZ, crushed and digested with 5% collagenase (StemCell). BM-MSCs were obtained
as negative fraction from positive selection CD45+, CD31+ and Ter119+. BM-MSCs were cultivated and
expanded in vitro in regular cell culture medium (alpha-MEM with 20% FBS, 1% Penicillin-Streptomycin and

additives (Glutamax, MEM and sodium pyruvate). At passage 3 cells were used for differentiation studies.

Mouse BM-MSCs In vitro differentiation studies
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At confluence, cells were switched to adipocyte differentiation medium (DMEM, containing 10% FBS, 10%
horse serum (GIBCO), 100 U/mL penicillin (GIBCO), 100 pg/mL streptomycin (GIBCO), 100 nM
dexamethasone (Sigma-Aldrich), 0.25 mM 3-isobutyl-1-methyxanthine (IBMX), 1 uM BRL (Sigma-Aldrich), 3
ug/mL insulin (Sigma-Aldrich)) or osteoblast differentiation medium (alpha MEM medium (GIBCO) containing
10% FBS, 100 U/mL penicillin (GIBCO), 100 pg/mL streptomycin (GIBCO) supplemented with 10 mM B-
glycerophosphate (Sigma-Aldrich), 10 nM dexamethasone (Sigma-Aldrich), 50 pg/mL Vitamin C (Sigma-
Aldrich) and 50 pg/mL Vitamin D (Sigma-Aldrich)). The media were changed every other day for the time of

the experiment.

Primary human BM-MSC collection and hMSC-TERT

Human primary bone marrow stromal stem cells (hBM-MSCs) were isolated from bone marrow collected
from lower extremities during routine surgeries at Department of Orthopedics and Traumatology, Odense
University Hospital. Additional blood samples were collected from bone marrow donors and critical clinical
data were obtained from the patient journal provided by the Danish healthcare system. The basic clinical
information of donors is available in the Supplementary Table 1. All subjects received oral and written
information and signed a consent. The project was approved by Scientific Ethical Committee of region of
Southern Denmark (project ID: S-20160084). The detailed method for isolation and characterization of hBM-
MSCs are provided elsewhere [36]. Briefly, hBM-MSCs were isolated based on gradient centrifugation and
plastic adherence method. The cells were cultured in standard culture conditions and investigated for their
biological functions including in vitro proliferation capacity, CD marker expression and differentiation ability.
Osteogenic differentiation was induced in either a hMSC-TERT cell line immortalized by ectopic expression

of telomerase reverse transcriptase gene (hTERT) [37] or hBM-MSC from lean patients (n=4).

Human BM-MSCs In vitro differentiation studies

Adipocyte differentiation
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Cells were plated at a density of 30000 cells/cm?. Adipocytic induction media DMEM, containing either 10%
FBS (Gibco), or 5% FBS plus 5% of pooled 2 patients sera age/sex matched lean, obese or T2D subjects, 100
U/ml penicillin (Gibco), 100 ug/ml streptomycin (Gibco), 100 nM dexamethasone (Sigma-Aldrich), 0.5 mM 3-
isobutyl-1-methyxanthine (IBMX), 1uM BRL (Sigma-Aldrich), 2pug/ml Insulin (Sigma-Aldrich), was changed
every other day for 10 days. Adipogenic potential was evaluated by Qil red O staining. In brief at day 10 cells
were fixed and stained with Oil Red O (Sigma-Aldrich) to visualize the lipid content.

Osteoblast differentiation

The cells were plated at a density of 20000 cells/cm?. Osteogenic induction media a-MEM medium (Gibco)
containing either 10% FBS or 5% FBS plus 5% of pooled 2 patients sera age/sex matched lean, obese or T2D
subjects, 100 U/ml penicillin (Gibco), 100 pg/ml streptomycin (Gibco), 10 mM B-glycerophosphate (Sigma-
Aldrich), 10 nM dexamethasone (Sigma-Aldrich), 50 ug/ml Vitamin C (Sigma-Aldrich) and 10mM Vitamin D3
(Sigma-Aldrich) was changed every other day. Osteogenic potential was evaluated by ALP activity assay at

day 7 and by RNA-seq at day 10 of cultivation.

Cellular reactive oxygen Species (ROS) detection assay

Intracellular ROS level was evaluated with 2,7-dichloro-dihydro-fluorescein diacetate (DCFDA) (Abcam). The
cells were seeded at 2.5x10* cells/well. After 24 hours, culture media was replaced with DMEM complete
media without phenol red supplemented with tert-butyl hydrogen peroxide (TBHP) at 100uM for 2 hours.
Media with TBHP was removed and cells were loaded with DCFDA 25uM and incubated for 45 minutes at
37°C. DCFDA was removed and experimental conditions (media with or without TBHP) were added again to
the cells. Then, the fluorescent intensity was measured at Excitation 485 nm and Emission 535 nm kinetically

using microplate reader every 1 minute for 30 minutes.

RNA extraction and real time gqRT-PCR
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DNase | treated RNA was reverse transcribed using a High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). Quantitative real-time PCR was performed with an Applied Biosystems 7500 Real-Time PCR
System using Fast SYBR Green Master Mix (Applied Biosystems) with specific primers (Supplementary Table

2). 36B4 was used as housekeeping genes for normalization of gene expression.

Analyses of gene expression by RNA-seq

Primary human BM-MSCs were exposed for 10 days to osteogenic induction media containing 5% FBS plus
5% of serum that was pooled from 2 lean, obese or T2D subjects, who are age and sex matched. RNA was
extracted in TRIzol (Thermo Fisher) and RNA-seq was performed according to manufacturer’s instructions
(TruSeq 2, Illumina) using 1 ug RNA for preparation of cDNA libraries. Sequencing reads were mapped to the
human genome (GRCh38) using STAR [38] and tag counts were summarized at the gene level using
HOMER [39]. Differentially expressed genes between the three conditions were determined by DESeq?2 [40]
using a threshold of an adjusted p-value (FDR) below 0.01. Gene ontology analysis was performed using
goseq [41] and pathway enrichment analysis was done using a hypergeometric test with gene sets from the

SPEED2 pathway [42]. Overlap of gene set were determined using a jaccard index.

Histology and histomorphometry

Formalin fixed samples were decalcified in EDTA and embedded in paraffin. Longitudinal sections (4um)
including the defect region (identified by interrupted cortical bone ends) were cut, serially divided and
stained for H&E, modified Masson’s Trichrome, and immunostaining (see below). Four sections per defect
region were used to estimate the bone area and adipocyte area per tissue area. Sections were scanned with
Hamamatzu scanner and analyzed using a point grid [38]. Within the region of interest (ROI) covering the
defect region the number points upon bone, adipocytes and the remaining tissue area were counted, and
used to calculate the percentage BV/TV and Ad.V/TV by dividing with the total number of points within the

ROL.

9
ScholarOne Support: (434) 964-4100



oNOYTULT D WN =

Stem Cells Page 10 of 39

Immunohistochemistry

Immunostainings were performed using a standard protocol. In brief, paraffin sections were deparaffinized,
dehydrated and heat treated before incubated with primary antibody against Insulin (DAKO A0564), Scal
(abcam ab51317) and Lamin B1 (abcam ab16048) followed by secondary detection (Anti-rabbit HQ: Ventana
760-4815), chromogen visualization (Anti-HQ HRP: Ventana 760-4820 and Purple-kit: Ventana 760-229) and
counterstaining with hematoxylin. Based on the Insulin immunostaining, the B-cell area per tissue area in
pancreas (4 sections from different depths) were estimated used Image J. Based on the SCA1 immunostaining
the density of stem and osteoprogenitors cells per tissue area were counted and based on the Lamin B1
immunostaining the density of senescent Lamin B1 negative cells were counted [39]. A minimum of 2500

cells were evaluated for each condition per defect region.

In situ hybridization

In situ hybridization was performed on paraffin sections (3.5-mm thick) using an enhanced version of the
RNAScope 2.5 high definition procedure (310035, ACD Bioscience, Newark, CA, US). Sections were
deparaffinized, rehydrated and pretreated as previously [40], and hybridized overnight at 40C with 20-ZZ-
pair probes (414021, ACD) targeting the mRNA of Runx2 3838-4821 (NM_001145920.2) and of Pdgfra
(Biotechne: RNAscope Probe, Mm-Pdgfra, ref 480661). A negative control only hybridized with probe diluent

was included. Finally, the hybridized probe pairs were detected as previously described [40].

Statistical analysis

Data were analyzed with graph pad Prism 7 software (GraphPad). Results are expressed as mean + (standard
error of the mean (SEM) or standard deviation (SD) as appropriate. The difference between groups was
examined using analysis of variance (ANOVA) followed by Sidak’s post hoc test and two-tailed unpaired

Student’s t test.
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Results

HFD-diet induces hyperinsulinemic T2D

Male mice fed ad libitum with either a high-fat diet (HFD) for 12 weeks exhibited increased body weight
(28.85%+2.5), fat mass (154.7%+8.7) and decreased lean mass (26.9%+1.5) compared to those fed a normal
diet (ND (Figures 1A-D). GTT showed impaired glucose tolerance in HFD mice compared to normal diet (ND)
controls (Figures 1E-F). Also, measurement of insulin levels revealed a hyperinsulinemia in the HFD group

(Figure 1G), which was consistent with the increased number of insulin-positive B -cell area (Figures 1H-1).

Hyperinsulinemic T2D impairs bone fracture healing

To study the impact of hyperinsulinemic T2D on bone fracture healing, mice fed with HFD or ND were
subjected to a tibial monocortical defect and rate of bone regeneration was determined by uCT scanning at
day (D)-7, D14 and D21 (Figure 1A). A decrease in the newly formed bone was observed in the HFD group at
D14 and maintained at D21 (Figures 2A-B). Similarly, histomorphometric analysis (Figure 2C), revealed
decreased callus bone volume per tissue volume (BV/TV) in the HFD group (D7) (Figure 2D). Since HFD
increases bone marrow adiposity (BMA) [27], we determined callus adipose volume per tissue volume
(AdV/TV) area and observed a significant increase (D14) (Figures 2C and 2E). Also, callus AdV/TV was

negatively correlated with callus BV/TV (Figures 2F).

HFD-induced T2D impairs osteoprogenitor cell differentiation

To determine the cellular mechanisms of impaired bone regeneration in hyperinsulinemic T2D mice, the
density of SCA1+ stem and osteoprogenitor cells identified, and Runx2+ osteoblastic cells, respectively, were
determined at D7 during bone regeneration (Figure 1A), by immunochemistry staining and in situ
hybridization (ISH). The density of SCA1* osteoprogenitors but not Runx2+ osteoblastic cells was significantly
increased in HFD group (Figures 3A-C). We also confirmed by flow cytometry that all isolated BM-MSCs from

both groups expressed SCA1+ (Figure 3D) as previously reported [41], examined their differentiation
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potential to osteoblastic and adipocytic cells and observed enhanced differentiation capacity to adipocytic

but not to osteoblastic cells (Figure 3E).

HFD-induced T2D leads to accelerated senescence of the bone marrow microenvironment

Bone fracture induces oxidative stress [42] and patients with T2D are known to exhibit increased cellular
oxidative stress due to accumulation of reactive oxygen species (ROS) [43].

Since increased oxidative stress leads to accelerated cellular senescence, we examined the presence of
senescent cells in vivo at the callus area (Figure 4A) and we observed an increased density of LAMIN B1
negative (LMNB1') senescent cells in HFD group (Figure 4B). In addition, we examined the response of
cultured BM-MSC to oxidative stress induced by H,0, treatment and observed increased gene expression of
senescence associated secretory phenotype (SASP) (Figure 4C) and cellular senescence gene markers: p53,
pl16 and p21 (Figure 4D), which were associated with increased ROS production (Figure 4E) in BM-MSC cells

derived from HFD mice.

STZ-treatment under HFD induces insulinopenic T2D

Since insulin is known for its anabolic effects on bone [44,45], we tested whether the insulinopenic phase of
T2D exerts differential effects on bone fracture healing. We employed a non-genetic mouse model of
insulinopenic T2D. As shown in Figure 5A, mice were fed with ND or HFD for 1 month followed by daily
injections for 5 days of low dose streptozotocin (STZ) or vehicle. Prior to STZ treatment, both groups fed HFD
exhibited higher body weight compared to ND group. Following STZ injection, the HFD+STZ group lost weight
compared to HFD group during 2 weeks follow up (Figure 5B). Also, animals in HFD+STZ group exhibited a
pronounced impairment of glucose tolerance (Figures 5C-D) accompanied by a significant insulinopenia

(Figure 5E) and B-cell mass reduction (Figures 5F-G) compared to the other groups.

Insulinopenic T2D impairs bone fracture healing
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We observed the significantly decreased volume of newly formed bone in both HFD and HFD-STZ groups at
D14 (Figures 6A-B) and this effect was more pronounced in the HFD-STZ group. The histomorphometric
evaluation of the Adiposity volume per tissue volume (AdV/TV) in bone marrow of the proximal tibia revealed
expansion in HFD group and to a lesser degree in HFD-STZ group where insulin levels were reduced (Figures
6C-D). Histomorphometric analysis also revealed decreased callus BV/TV in HFD and HFD-STZ groups (D7)
(Figures 6C and E) and similar to pCT-scanning data, the decreased callus BV/TV was more pronounced in
HFD-STZ group (Figures 6C and 6E). Callus AT area was increased to a similar extent in HFD and HFD-STZ
groups (Figures 6C and 6F). Interestingly, AUC of GTT, reflecting the degree of hyperglycemia, was inversely
correlated with the callus BV/TV (Figure 6G), and positively correlated with callus AdV/TV (Figure 6H). Also,

callus AdV/TV area was negatively correlated callus BV/TV (Figure 6l).

Osteoprogenitors and microenvironment in Insulinopenic T2D

Since HFD is associated with enhanced bone marrow senescence (Figure 4A), we examined changes in density
of senescent cells in HFD-STZ mice (Figures 7A and C). While hyperinsulinemia increased the density of
senescent LMNB B1- cells in HFD group, the density of senescent cells was similar in HFD-STZ and control
groups (Figure 7C) and the gene expression of P16 in isolated BM-MSCs showed a statistically significant
similar trend (Figure 7D). Finally, the density of SCA1+ cells was similar between HFD-STZ and control groups
(Figures 7B and E) while the number of PDGFRa + cells tended to increase but there was no statistically

significant difference between the groups (Figures 7F-G).

Sera from diabetic patients with fractures impairs OB of human BM-MSC

Our data suggest that T2D induces changes in the bone marrow microenvironment that lead to impaired
bone regeneration through inhibition of BM-MSCs differentiation into OB cells. To corroborate these findings
in humans, we used human sera as surrogate for the microenvironment to which BM-MSCs are exposed. We

obtained sera from lean, obese patients and obese patients with T2D that were admitted to a local hospital
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with bone fractures (for basic patient profile, see Supplementary Table 1) and tested their effects on
osteoblast differentiation of a telomerized human BM-MSC cells line (hMSC-TERT) [37] and on adipocyte and
osteoblast differentiation of primary human BM-MSC. As shown in Figure 8A, AD differentiation as evaluated
by Qil red O staining was enhanced when the cells were treated with sera from obese and T2D patients
whereas as shown in the Figure 8B, OB differentiation as evaluated by ALP activity, was inhibited. This
inhibition was more pronounced in cells cultured in the presence of sera obtained from obese T2D patients.
The observed reduced ALP activity effects were consistent in both hMSC-TERT and primary BM-MSC (Figure
8B). To identify mechanisms leading to the impaired osteogenic differentiation, we performed RNA-seq
analysis on primary BM-MSCs undergoing osteoblast differentiation in presence of sera from either lean,
obese or T2D subjects. PCA plot revealed a high similarity between replicates and separation of the three
conditions (lean, obese, T2D) (Supplementary Figure 1A). Data analysis revealed differential expression of
791 genes across all conditions (Figure 8C and Supplementary Figure 1C). In general, we observed similar
changes in gene expression comparing obese and T2D to lean (272 genes both up and 208 genes both down),
but also identified genes with distinct expression patterns comparing T2D to obese (188 genes obese high
and 123 genes T2D high). The latter two were mostly characterized by opposite expression patterns between
obese and T2D versus lean (Supplementary Figure 1B). In line with the reduced differentiation capacity, gene
ontology analysis revealed that genes being suppressed in BM-MSCs exposed to serum from obese and T2D
subjects (both down) belong to bone pathway categories as extracellular matrix organization, skeletal system
development, ossification, and osteoblast differentiation (Figure 8D). Interestingly, the differential gene
expression in BM-MSCs incubated with serum from T2D compared to obese patients showed enrichment for
osteoblast and collagen related terms while subjected to obese serum (obese high) and ion transport and
lipid metabolism while subjected to T2D serum (T2D high). Further, bioinformatic analysis, reveal additional
differences between gene expression pattern. We identified two sets of genes belonging to bone related GO
terms: extracellular matrix organization, skeletal system development, ossification, and osteoblast

differentiation. The first set of genes included genes with reduced expression in BM-MSCs with serum from
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either obese or T2D patients (both down) e.g. ATF4, CEBPA, IGF1, IGFBP5, SMAD3, SMADG6 and SOX9 whereas
the second set of genes were highly expressed in BM-MSCs with serum from obese patients (obese high) e.g.
IGF2, SFRP1, SPARC, TNFRSF11B, LRP1 as well as several genes coding for collagen proteins. Our data suggest
additional impairment of ostogenic potential takes place during transition from obesity to T2D
(Supplementary Figure 2). In order to test for the existance of differences in the activated pathways in BM-
MSCs exposed to obese versus T2D patients serum, we observed that the two sets of genes respond to similar
signalling pathways: TGFp, Insulin, TNFo, and HIPPO. However, genes that exhibited decreased gene
expression (both down), were more likely to be regulated by JAK-STAT, VEGF, MAPK and IL1 signaling
compared to those with high expression levels in BM-MSCs treated with serum from obese subjects (obese
high). The latter group of genes were more sensitive to Insulin and Hippo signaling. Thus, these gene groups
have distinct preferences for the combinatorial activity of signaling pathways (Figure 8F and Supplementary
Figure 1D). Furthermore, pathway enrichment using SPEED2 database revealed that genes activated by key
signals of osteoblast differentiation and bone formation including TGF, Insulin/MAPK+Pi3K, JAK-STAT, TNFa
and HIPPO signaling, were downregulated in BM-MSCs cultured with serum from obese and T2D subjects
(Figure 8E). On the other hand, genes with increased expression levels were p53 responsive genes which are
associated with the senescent microenvironment corroborating our in vivo murine findings (Figure 7). Taken
together these analyses demonstrate that the combinatorial action of signaling events elicited by the obese
and type 2 diabetic microenvironment control distinct gene sets related to osteoblast differentiation, bone
formation and collagen synthesis. The milder impairment observed under the obese condition may be
mediated by a counterregulatory activity in bone-related pathways that is lost during transition to the

diabetic state.

Discussion
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Increased bone fragility and fracture risk are complications of obesity and T2D that may be caused by the
metabolic changes observed in the disease e.g. low grade inflammation, compromised vascularity, and
generation of advanced glycation end products (AGEs), all known to exert negative effects on bone cells and
bone remodeling [7,27,28,46]. In the present study, we report that bone regeneration during fracture
healing, is impaired in both hyperinsulinemic and hypo-insulinemic T2D through two different mechanisms
with negative effect on osteoblastic cells. In hyperinsulinemic T2D, we observed a hypermetabolic state,
leading to an accelerated OB cellular senescence whereas severe hyperglycemia mediates the negative

effects of hypo-insulinemic T2D on OBs.

T2D is a heterogenous disorder with patients presenting with insulin resistance and hyperinsulinemia or
insulinopenia which is usually a sign of a longstanding disease [21]. However, most of the studies examining
the biology of diabetic bone disease employ models with distinct genetic mutations, which does not reflect
the pathophysiology of human T2D [20,47-49]. In the present study, we employed two mice models reflecting
the heterogeneity of T2D phenotype: (i) HFD-induced obesity, insulin resistance and hyperinsulinemia, and
(ii) HFD combined with STZ treatment that induced insulinopenia. The HFD-STZ model has previously been
employed in studying the metabolic effects of antidiabetic and lipid lowering medications [31,50]. We
extended these studies by examining the effects of T2D hyper-insulinemia and hypo-insulinemia on in vivo
bone regeneration during healing of a monocortical tibial defect model that recapitulates phases of fracture
healing of a stable fracture [30]. This model has the advantage of causing less stress to the animals and allows

for a more precise quantification of the volume of newly formed bone using uCT imaging [30].

Hyperinsulinemic T2D in mice led to impaired fracture healing and this was associated with impaired
differentiation of BM-MSCs to osteoblastic cells as evidenced by: (i) increased number of SCA1+ and PDGFRa
stem cells while the number of committed osteoprogenitor Runx2+ cells did not change suggesting an

osteoblast differentiation block, and (ii) enhanced BM-MSCs differentiation into adipocytes but not to
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osteoblasts and this was associated with increased marrow adipose tissue formation in vivo. Our study
corroborates previous studies that showed significant regulatory effects of T2D on skeletal stem cell
functions. For example, Tevlin et al., reported that under high fat diet, there was a reduction in the number
of MSC present in the callus following femoral fracture [20] while Hamann et al. [51] reported increased
SCA1+ stem cell number in Zucker diabetic fatty rats (ZDF) following femoral fracture. Abundant literature
reports interest into SCA1 as markers to identify progenitor cells [20,41,51]. Even though SCA1 is not the
most specific marker for skeletal stem cells we show that it is widely expressed in the BM-MSCs that we
isolate as it has been previously reported by our group [41].

We have previously reported that HFD induced hyperinsulinemia leads to a hypermetabolic state
within the bone marrow leading to accelerated senescence of the bone microenvironment, enhanced
adipocyte differentiation and increased bone marrow adiposity (BMA)[27,28]. The relationship between
insulin resistance, hyperinsulinemia and accelerated senescence is under investigation but may be caused by
induction of low grade inflammation and enhanced pro-inflammatory cytokine production [28,52,53]. In the
current study, we corroborated these findings and demonstrated the contribution of accelerated cellular
senescence in the bone micro-environment to impaired fracture healing and this mechanism may be
responsible for the negative effects of obesity and hyperinsulinemia on the skeleton [28,54]. In addition to
the accelerated senescence of the skeleton reported here, accelerated senescence has been observed in

multiple tissues e.g. cardiovascular, kidney and brain in obese and T2D patients [55,56].

Increased BMA has been reported in several mice models of T2D and obesity : e.g. ob/ob, db/db and
TALLYHO/JngJ) mice [35,57-59] as well as in some human studies involving T2D patients [60,61]. Our study
extends these findings, and it demonstrates increased adiposity at the site of fracture callus and corroborates
the observed increase in callus adiposity after a femoral fracture reported by Brown et al in a study employing

an obese, insulin resistant HFD mouse model [15]. The increased callus adiposity suggests a shift in MSC
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differentiation allocation to adipocytes and not osteoblasts, as reported in the current study and in a previous

study [27].

Insulinopenic T2D is usually observed in patients with long-lasting T2D and these patients usually
exhibit multiple late diabetes complications [21]. In our study, the impaired bone regeneration during
fracture healing was more pronounced in the insulinopenic mice. Insulin exerts anabolic effects on bone and
insulin signaling in the bone microenvironment is maintained in obese mice and humans [27,28]. Insulin
exerts its effects via interaction with cognate receptor on osteoblastic cells [62,63] and is important for
fracture healing [64]. In our model, insulinopenia was associated with a more pronounced hyperglycemia
that was positively correlated with impaired bone formation suggesting a causal effect. The direct effects of
hyperglycemia [65-67] as well as its indirect effects through the formation of glycation end-products (AGEs)
[68,69] are known to inhibit bone formation and osteoblast differentiation. Interestingly in the insulinopenic
mice, the loss of peripheral adipose tissue was only accompanied by a minor decrease in BMA and no change
in callus adiposity, suggesting that other factors, apart from insulin, are important for the maintenance of
BMA. Our group has identified a number of secreted factors that are produced within the bone marrow
micro-environment and play a role in lineage allocation of MSC into osteoblasts versus adipocytes [70-73].
These local factors may be important in the context of fracture healing and regulation of the local recruitment
of osteoblastic cells during bone regeneration [70,71].

The role of changes in tissue microenvironmental composition in mediating impaired tissue
homeostasis during aging and in a variety of diseases is increasingly recognized. Parabiosis experiments
demonstrated that changes in composition of serum circulating factors led to defective tissue regeneration
during aging of e.g. the heart, brain, muscle as well as bone [74-76]. We observed negative effects of sera
obtained from obese and obese T2D patients with bone fractures, on osteoblast differentiation and
enhancement of AD differentiation in hBM-MSCs supporting the hypothesis that factors present in BM

microenvironment may affect the hBM-MSCs lineage allocation and differentiation choice contributing to
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impaired bone formation. Similar to our finding, Deng et al [77] reported that diabetic serum with different
levels of hyperglycemia inhibited osteoblastic differentiation of MSCs. Moreover RNA-seq performed on
primary BM-MSCs undergoing osteoblastic differentiation in presence of the obese or T2D sera revealed 791
genes differentially expressed across all conditions. While the majority of genes exhibited similar pattern of
response, we also observed distinct differences in gene expression patterns when comparing obese and T2D.
GO enrichment analysis demonstrated downregulation of genes belonging to bone pathway categories as
extracellular matrix organization, skeletal system development, ossification, and osteoblast differentiation,
in both conditions. However, the differentially expressed set of genes enriched for osteoblast and collagen
related terms were high under obese condition (obese high) and ion transport and lipid metabolism were
high in T2D condition (T2D high). We have previously reported that obesity is associated with a
hypermetabolic state with enhanced differentiation of BM-MSCs [28] which may explain the enhanced gene
expression observed under the influence of obese sera.

Furthermore, pathway enrichment using SPEED2 database revealed downregulation of genes activated by
several key pathways known for their essential role in osteoblast differentiation and bone formation
including TGFP [78,79], Insulin/MAPK+Pi3K [80,81], JAK-STAT [82], HIPPO [83] and upregulation for p53
responsive genes which are associated with cellular senescence [84]. Thus, RNA-seq data provide additional

molecular explanation for the impairment of osteoblastic functions under obesity and T2D conditions.

Our study provides a working hypothesis for a personalized approach to improve fracture healing in
patients with T2D based on their clinical phenotype. In obese hyperinsulinemia patients, enhanced insulin
sensitivity and decreased insulin levels using metformin or insulin-sensitizers PPARy agonists are
recommended while in normal weight insulinopenic patients improving glycemic control through treatment
with insulin should be the main focus. The clinical relevance and validity of this hypothesis remain to be

determined in clinical studies.
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Figure Legends:

Figure 1: Mice on high fat diet (HFD): body composition and glucose metabolism.

(A) Study design depicting male mice C57BI/6 randomized to either ND (10% kcal from fat) or HFD (60% kcal from fat) for 12 weeks
followed by monocortical tibia defect (MCTD) surgery and follow-up for 3 weeks. Bone fracture healing was quantitated by uCT-
scanning and quantitative histology. (B) Body weight and composition as (C) fat and (D) lean mass percentage were evaluated after
12 weeks normal diet (ND) or high fat diet (HFD). (E-F) Glucose tolerance test (GTT) and area under the curve (AUC) calculated for
each mouse. (G) Insulin concentration in serum. (H) Representative photomicrographs of islets from pancreas of ND and HFD animal
stained by H&E (upper panel- scale bar: 100um and Insulin staining of pancreas of ND and HFD mice. Scale bar: 2.5mm. (I) Quantified
B-cell area expressed as percentage of tissue area. Data are presented as mean + SEM (n=16) (B to F) and n=3 for (G to I). **p<0.01;

***pn < 0.001 as compared to ND group.

Figure 2: Bone fracture healing in hyperinsulinemic mice on high fat diet (HFD)

(A) Representative 3D-reconstruction of mineralized bone formed in defect region (scale bar: 100um). (B) Bone Volume per Total
volume (defect volume) percentage (BV/TV) of mineralized bone in defect region as evaluated by uCT at day (D) D7, D14 and D21
respectively) (n=15, 10 then 5). (C) Photomicrographs illustrating fracture healing at D7 and D14 (modified Masson Trichrome stain),
Scale bars: 250um. (D) Callus BV/TV percentage at D7 and (E) Callus Adipose tissue volume per total (defect volume) (Ad.V/TV)
percentage at D14 as evaluated in the callus area (n=6). (F) Correlation of Callus Ad.V/TV percentage and BV/TV percentage (D14).

Data are presented as mean £ SEM. *p<0.05, **p < 0.01.

Figure 3: Effects of HFD-induced obesity on bone marrow osteoprogenitors

(A) Representative photomicrographs of in Situ Hybridization for Runx2 and immunostaining for SCA1 of the callus area (D7) following
tibial monocortical defect. Scale bars:100um (Runx2), and SCA1, 100um (upper panels) and 20um (lower panels). (B) Runx2 positive
pixels density per marrow defect fraction in the defect area (Ar./T.Ar.) (n=5 per group). (C) Number of SCAL1 positive cells per defect
area (n=5 per group). (D) Representative expression of SCA1 marker in BM-MSCs from ND (grey line) and HFD (orange line) animals
as compared to unstained cells (blue line) as evaluated by flow cytometry. (E) Osteoblast and adipocyte differentiation of cultured
bone marrow osteoprogenitor cells evaluated by gene expression of osteoblasts: Alkaline phosphatase (Alp), Runx2, Osteocalcin
(Bglap), Osterix (Sp7) and adipocytes: peroxisome proliferator active receptor, (PPARg2) and Fsp27 presented as fold change (F.C)

over undifferentiated cells (n=3 per group).Data are presented as mean + SEM. *p<0.05.

Figure 4: Bone marrow microenvironment and bone marrow osteoprogenitor cells isolated from mice on high fat diet (HFD)
exhibited an accelerated senescence phenotype

(A) Immunostaining for Lamin B1 (LMNB1) (a negative marker of cellular senescence), on tibial sections after bone fracture at day
(D)7. Lack of staining (blue cells) is indicating senescent cells (black arrowhead). Scale bar: 250um (two left panels) and 20um (two
right panels). (B) Quantification of the effect of the HFD on LMNB1 loss in the defect area (n=5 per group). Gene expression profile
of (C) senescence-associated secretory phenotype (SASP) markers and (D) senescence in isolated BM-MSCs from ND and HFD mice

and submitted to an oxidative stress (1h treatment with Hzoz)' (E) ROS production following 1h treatment with H,0, (100 uM) in

cultured BM-MSCs from ND and HFD mice. Data are presented as mean = SEM (n= 4-5). *p<0.05, **p<0.01, ***p<0.001.
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Figure 5: Insulinopenic mice induced by high fat diet (HFD) and Streptozocin (STZ) treatment: body composition and metabolism.
(A) Study design depicting male mice C57BI/6 randomized to either ND (10% kcal from fat) or HFD (60% kcal from fat) for 3 weeks
followed by treatment with either 5 daily injections of vehicle or STZ (40mg/kg) and then at week 14 monocortical tibia defect (MCTD)
surgery and 2 weeks as follow up period. Bone fracture healing was examined by uCT-scanning and quantitative histology. (B) Body
weight represented as percentage change from initial weight (Delta). (C) Glucose tolerance test (GTT) and (D) area under the curve
(AUC) calculated for each mouse. (E) Insulin concentration in blood serum. (F) Representative photomicrographs of insulin staining
of pancreas of ND, HFD and HFD-STZ mice. Scale bar: 500um. (G) Quantified B-cell area expressed as percentage of total area. Data
are presented as mean + SEM (n=16 for B-D,n=3 for E and n=6 for F-G). *p<0.05; **p<0.01; ***p < 0.001 as compared to ND and
#p<0.05, ##p<0.01 and ###p<0.001 as compared to HFD. HFD-STZ= high fat diet and Streptozocin.

Figure 6: Bone fracture healing in hypo-insulinemic mice on high fat diet (HFD) and Streptozocin (STZ)

(A) Representative 3D-reconstruction of mineralized bone formed in defect region (scale bar: 100um). (B) Bone Volume per Total
volume (defect volume) percentage (BV/TV) of mineralized bone in defect region as evaluated by uCT (n= 15 at day (D) 7 and n=10
at D14). (C) 3D-reconstruction of proximal tibia (trabecular elements and BMAT). Scale bar 250um. Representative photomicrographs
of proximal tibia (H&E stain, scale bars: 500um) and fracture healing at D7 and D14 (Masson Trichrome stain, scale bars: 250um). (D)
Adipocytes volume per total volume (Ad.V/TV) percentage at D14 as evaluated at the proximal tibia area, (E) Callus bone percentage
at D7, (F) Callus Adipose tissue volume per total (defect volume) (Ad.V/TV) percentage at D14 as evaluated in the callus area (n=5- 4
depths). (G) Correlation between glucose levels as estimated by area under the curve (AUC) of glucose tolerance test (GTT) and callus
BV/TV percentage and (H) AUC and callus Ad.V/TV percentage then (I) Ad.V/TV percentage with callus BV/TV percentage as
determined at D14. *p<0.05, **p<0.01, ***p<0.001 as compared with ND value and #p<0.05 as compared with HFD value.

Figure 7: In vivo changes in osteoprogenitor cells in insulinopenic condition

(A) Immunostaining for Lamin B1 (LMNB1) (a negative marker of cellular senescence) performed on tibial sections following bone
fracture at day (D)7. Lack of staining is indicating senescent cells (black arrowhead). Scale bar: 250um (left panels) and 20um (right
panels). (B) Representative photomicrographs of SCA1 immunostaining in the callus area (D7) following tibial monocortical defect.
Scale bars: 250um (left panels) and 25um (right panels). (C) Quantification of the effect of the HFD versus HFD-STZ on LMNB1 negative
cellsin the defect area. (D) P16 gene expression in isolated BM-MSCs from ND, HFD and HFD-STZ animals. (E) Number of SCA1 positive
cells per defect area. Data are presented as mean + SEM (n= 4-5). *p<0.05. (F) Representative photomicrographs of in situ
hybridization for Pdgfra in the defect area (D7) following tibial monocortical defect. Scale bar 250um (left panels) and 50um (right
panels). (G) Number of Pdgfra positive cells per defect area (n=5 per group). Data are presented as mean fold change (F.C.) over non-

induced cells + SEM (n=4). *p<0.05 and **p<0.01.

Figure 8: Obese and diabetic sera affect osteoblastic differentiation of h-MSCs-TERT cell line and primary BM-MSCs
(A) Adipocytic differentiation of human primary BM-MSCs treated with human sera obtained from lean, obese and T2D patients as
observed by Oil Red O staining at day 10 and (B) Osteoblastic differentiation of human primary BM-MSCs and hMSC-TERT cell line

treated with human sera obtained from lean, obese and type 2 diabetes (T2D) patients as determined by quantifying ALP activity at
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day 7. (C) Scatter plot showing the log-2-fold changes in gene expression comparing BM-MSCs treated with serum from lean, obese
and type 2 diabetes patients. Genes were selected based on differential expression (FDR < 0.01, DEseq2) between any condition.
Number of genes are indicated, both up: white dots in upper right part, both down: white dots in lower left part, T2D high: red dots,
Obese high: blue dots. (D) Heat map showing gene ontology enrichment for selected gene groups from the RNA-seq data. (E) Heat
map showing pathway enrichment for selected gene groups from the RNA-seq data using SPEED2 database focusing on activated
genes only. (F) Heat map showing the jaccard index for the overlap of genes that are activated by TGF[3 from the selected gene groups

from the RNA-seq data with other pathways from SPEED2 analysis. Data are presented as mean + SEM (n=4). *p<0.05 and **p<0.01.

Supplementary Figure 1: Obese and diabetic sera affect osteoblastic differentiation of primary BM-MSCs

(A) PCA plot analysis showing the variance of the RNA-seq data from BM-MSCs treated with serum from lean, obese and type 2
diabetes patients. (B) Box plots quantifying the log-2-fold changes between all conditions for the 4 gene groups defined in Figure 8C.
(€C) Bar plot showing normalized gene expression levels (RPKM) for selected genes; ITGA11 Integrin subunit alpha 11, CXCL5 C-X-C
motif chemokine ligand 5, CD36 CD36 molecule, COL15A1 Collagen type XV alpha 1 chain, LEP leptin, ELN elastin, and IGF2 insulin-
like growth factor 2. (D) Heat map showing the jaccard index for a one-by-one overlap of genes from both up (left), both down (middle

left), T2D high (middle right) and Obese high (right) that are activated by pathways from SPEED2 analysis.

Supplementary Figure 2: Bone related gene ontology categories
Heatmap showing the log 2-fold changes of genes from bone related gene ontology categories and that are differentially expressed
(FDR < 0.01, DEseq2) comparing any condition. Genes are ordered according to binary clustering of membership in gene ontology

categories (only the categories both down and obese high are displayed).
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Figure 6: Bone fracture healing in hypo-insulinemic mice on high fat diet (HFD) and Streptozocin (STZ).
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Supplementary Figure 1: Obese and diabetic sera affect osteoblastic differentiation of primary BM-MSCs
(A) PCA plot analysis showing the variance of the RNA-seq data from BM-MSCs treated with serum from
lean, obese and type 2 diabetes patients. (B) Box plots quantifying the log-2-fold changes between all

conditions for the 4 gene groups defined in Figure 8C.
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(C) Bar plot showing normalized gene expression levels (RPKM) for selected genes; ITGA11 Integrin subunit
alpha 11, CXCL5 C-X-C motif chemokine ligand 5, CD36 CD36 molecule, COL15A1 Collagen type XV alpha 1
chain, LEP leptin, ELN elastin, and IGF2 insulinlike growth factor 2. (D) Heat map showing the jaccard index
for a one-by-one overlap of genes from both up (left), both down (middle left), T2D high (middle right) and
Obese high (right) that are activated by pathways from SPEED2 analysis.
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Supplementary Table 1: Clinical characteristics of the BM-MSCs and sera donors

Stem Cells

Mean Age Mean BMI
[range] [range]
(years) (kg/m?)
Cells’ 67.3 [44.0-80.0] 22.20[20.2-23.9]
donors
Lean serum’s 60.0 [55.0-69.0] 22.5[20.6-23.8]
donor
Obese serum’s 59.0 [58.0-60.0] 33.2 [29.7-36.6]
donor
T2D serum’s 54.0 [42.0-66.0] 32.4[31.9-33.0]
donor
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Supplemental Table 2. List of primer sequences used for qRT-PCR.

Gene Forward sequence Reverse sequence

Alpl GCCCTCTCCAAGACATATA CCATGATCACGTCGATATCC
Runx2 AGCAACAGCAACAACAGCAG GTAATCTGACTCTGTCCTTG
Bglap CCTGAGTCTGACAAAGCCTTCA GCCGGAGTCTGTTCACTACCTT
Sp7 AAGTTCACTTGCCTGCTCTGTT TGCGCTGATGTTTGCTCAAG
Ppary2 GGGTCAGCTCTTGTGAATGG CTGATGCACTGCCTATGAGC
Fsp27 ATCAGAACAGCGCAAGAAGA CAGCTTGTACAGGTCGAAGG
P53 TCTTATCCGGGTGGAAGGAAA GGCGAAAAGTCTGCCTGTCTT
pl6 GGGTTTTCTTGGTGAAGTTCG TTGCCCATCATCATCACCT

p21 CCTGGTGATGTCCGACCTG CCATGAGCGCATCGCAATC

g GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
1l6 GTTCTCTGGGAAATCGTGGA TGTACTCCAGGTAGCTATGG
110 CTGGACAACATACTGCTAACCG GGGCATCACTTCTACCAGGTAA
Tnfa CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG
Il1rn GCTCATTGCTGGGTACTTACAA CCAGACTTGGCACAAGACAGG
Fas CTGCACCCTGACCCAGAATAC ACAGCCAGGAGAATCGCAGTA
Faslg CAGTCCACCCCCTGAAAAAAA CCTTGAGTTGGACTTGCCTGTT
Vegfa GTACCTCCACCATGCCAAGTG TGGGACTTCTGCTCTCCTTCTG
Vcam GGCTCCAGACATTTACCCAGTT CATGAGCTGGTCACCCTTGAA
Mcpl GCTGGAGAGCTACAAGAGGATCACC TCCTTCTTGGGGTCAGCACAGAC
Serpine 1 | GGACACCCTCAGCATGTTCA CGGAGAGGTGCACATCTTTCT
Serpine 2 | TTCCGCATACTGGAAACATCAG GGATGCGTCCTCAATCTCATC
36b4 TCCAGGCTTTGGGCATCA CTTTATCAGCTGCACATCACTCAGA
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