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Abstract

PRDM family members are transcriptional regulators involved in tissue specific differentiation. PRDM5 has been reported to
predominantly repress transcription, but a characterization of its molecular functions in a relevant biological context is lacking.
We demonstrate here that Prdm5 is highly expressed in developing bones; and, by genome-wide mapping of Prdm5 occupancy
in pre-osteoblastic cells, we uncover a novel and unique role for Prdm5 in targeting all mouse collagen genes as well as several
SLRP proteoglycan genes. In particular, we show that Prdm5 controls both Collagen I transcription and fibrillogenesis by
binding inside the Col1a1 gene body and maintaining RNA polymerase II occupancy. In vivo, Prdm5 loss results in delayed
ossification involving a pronounced impairment in the assembly of fibrillar collagens. Collectively, our results define a novel role
for Prdm5 in sustaining the transcriptional program necessary to the proper assembly of osteoblastic extracellular matrix.
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Introduction

PRDM proteins constitute a family of transcriptional regulators

characterized by the presence of a N-terminal PR- domain that

shares 20–30% similarity to the SET domain of histone

methyltransferases and a variable number of zinc-finger domains

typically involved in protein-DNA or protein-protein interaction

[1]. Members of this family influence tissue specific differentiation

as demonstrated for Prdm1 in lymphoid cell maturation [2], and

Prdm16 in brown fat development [3]. Moreover, several

members of the family are deregulated in pathological settings,

most notably cancer, by acting either as oncogenes or tumor

suppressors [1].

PRDM5 localizes to human chromosome 4q26 and encodes,

aside from the PR domain, 16 C2H2 zinc fingers. PRDM5 has

previously been reported to lack intrinsic histone methyltransferase

activity but to predominantly repress transcription by recruiting

G9a and HDACs enzymes to target genes [4]. Furthermore,

PRDM5 has been indicated as a potential tumor suppressor in

various cancers [5–7], but its role in mammalian development and

normal physiology has not been addressed. In zebrafish, Prdm5 loss

induces morphogenic defects due to impairment of convergent

extension movements at the gastrulation stage, likely resulting

from deregulation of the WNT inhibitor Dkk1 [8]. Recently,

mutations in PRDM5 were detected in Brittle Cornea Syndrome

(BCS) [9], a connective tissues disease characterized by thinning of

the cornea and a wide spectrum of additional symptoms including

dermal and skeletal defects [10].

Bone is composed of a highly specialized, mineralized collag-

enous matrix that provides tensile strength to the skeletal system.

Collagen I is the major component of osteoblasts matrix,

composed of a heterotypic triple helix derived from Col1a1 and

Col1a2 chains typically in a 2:1 stoichiometric ratio [11,12].

Approximately 40 collagen genes are annotated in mammalian

genomes encoding around 28 proteins and, of these, type I

collagen is part of the subfamily of fibrillar collagens [13].

Collagen chains are synthesized and assembled as triple helical

procollagen molecules. Extracellular proteinase cleavage of N- and
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C-terminal telopeptides leads to mature tropocollagen that is

further assembled into fibrils and fibers [14]. The latter process is

regulated by other extracellular macromolecules including pro-

teoglycans from the Small Leucine Repeat family (SLRP), such as

Decorin and Fibromodulin [15,16].

A number of transcription factors have been discovered as

regulators of collagen I genes (reviewed in [17,18]), such as Sp1

[19], Cebpb [20] or members of the AP1 family [21]. Furthermore,

a number of transcription factors are known to be key regulators of

bone development, such as Runx2 [22], which controls the

expression of a multitude of extracellular matrix (ECM) genes

essential for both the chondrogenic and osteogenic programs [23].

We present here a novel molecular function for Prdm5 in

sustaining transcription of key ECM genes. Prdm5 is highly

expressed in the osteoblast region of developing bones in vivo and

genome wide mapping of Prdm5 occupancy in osteoblastic cells

identifies all collagens and a number of SLRP genes as direct

targets for Prdm5. Interestingly, Prdm5 binds predominantly

within the exonic regions of collagen genes and its presence

dictates the amount of intragenic RNA polymerase II. Indeed,

Prdm5 sustains transcription of Collagen I genes by maintaining

RNA polymerase II occupancy throughout the Col1a1 gene, while

the binding to a distal enhancer element upstream of Decorin gene

suggests a further role in chromatin organization. Osteoblasts

lacking Prdm5 display decreased Collagen I and Decorin

expression leading to reduced Collagen I fiber assembly in vivo.

Downregulation of these key extracellular matrix genes likely

participates in the delayed ossification and decreased bone mineral

density observed in Prdm5 mutant mice. Our data defines novel

roles for Prdm5 as a transcriptional modulator of collagen genes

by influencing RNA polymerase II occupancy, as well by binding

to enhancer-like elements in osteoblastic cells.

Results

Prdm5 is expressed in developing bones of mouse
embryos

To address a possible role in mammalian development for

Prdm5, a gene-trap mouse model featuring the integration of a b-

galactosidase-neomycin (b-geo) cassette in intron 2 of the Prdm5

gene was generated (Prdm5LacZ). This cassette is preceded by a

splice acceptor site to direct exon 2-b-geo splicing and ends with a

poly-A site to terminate transcription (Figure 1A). In mutant cells,

expression of the Prdm5 locus results in the production of a fusion

transcript between the first two exons of Prdm5 (<60 amino acids)

and the b-geo cassette with a resulting fusion protein of

approximately 135 kDa in size (Figure S1A). To validate the

effectiveness of the gene-trap system, we quantified the levels of the

wt Prdm5 allele in Prdm5LacZ/LacZ embryonic fibroblasts and found

it to reach a maximum of 10% relative to the expression in wt

littermates (Figure S1A). In adult organs, except for brain, testis

and lung, we observed Prdm5 levels reduction to be at least 85%

in the tissues tested (Figure S1B). In contrast to the essential role in

zebrafish [8], Prdm5LacZ/LacZ mice are viable and fertile and the

mutant allele segregates according to Mendelian ratios (Figure

S1C). Gross pathology analysis did not reveal obvious abnormal-

ities and no notable differences in weight were detected between

mutant mice and wild type littermates up to the age of 56 weeks

(Figure S1D).

To characterize the expression pattern of Prdm5, we tracked the

b-galactosidase expression driven by the endogenous Prdm5

promoter by whole mount X-gal staining at various developmental

stages. At E10.5–12.5 the LacZ reporter was expressed in a diffuse

staining pattern along meso-endodermal derived regions with

higher intensity in the heart (Figure 1B and 1C). At E14.5 LacZ

staining accumulated in limbs and snout regions and in particular

in cartilaginous templates (Figure 1D). From E16.5 a specific

staining pattern was observed in skeletal elements, particularly in

long bones and ribs (Figure 1E). In these tissues LacZ was highly

expressed in the osteoblastic regions including the trabecular

compartment and periosteum/perichondrium (arrows in

Figure 1F). LacZ staining on sections from E16.5 embryo tibia

revealed that the Prdm5 promoter is active in a subpopulation of

cells in the osteoblast region (periosteum and trabecular area)

(Figure 1G), whereas no signal was detected in the hypertrophic or

proliferative chondrocytes zones (Figure 1G). Moreover, LacZ

staining of calvariae of Prdm5LacZ/LacZ mice at P0 indicated that

Prdm5 expression in osteoblasts is not restricted to long bones but

can be detected also in skull sutures and weakly in calvariae

(Figure 1H). Robust PRDM5 expression in osteoblasts was further

confirmed in primary human osteoblast cells isolated from healthy

donors, compared to a panel of human immortalized cell lines of

different origins (Figure S1E). Moreover we found comparable

Prdm5 expression levels in mouse primary calvarial osteoblasts,

the osteoblastic MC3T3 cell line and primary embryonic

fibroblasts (Figure S1F). In summary, in vivo expression analyses

confirmed Prdm5 as consistently expressed in osteoblastic com-

partments in the mouse.

Acute Prdm5 deregulation affects osteogenic
differentiation in vitro

Since Prdm5 is highly expressed in osteoblastic cells, we chose

the MC3T3 cell line model to investigate the roles of Prdm5 during

osteogenic differentiation. Cells were transduced with lentiviral

shRNA constructs against Prdm5, which resulted in efficient

reduction of both Prdm5 transcript and protein levels (Figure 2A).

Prdm5 depletion did not significantly affect proliferation of MC3T3

cells as assessed by BrdU labeling (data not shown) but led to a

significant reduction in matrix mineralization as measured by

Alizarin red staining of calcium nodules upon induction of

osteogenic differentiation (Figure 2B). In line with this, overex-

pression of PRDM5 induced the opposite phenotype resulting in

increased nodule formation (Figure 2C and 2D). In parallel, the

Author Summary

Bone provides the essential tensile strength of the skeletal
system, constitutes an important storage for minerals, and
hosts the initial differentiation stages of the hematopoietic
system. In addition, bones are important endocrine organs
affecting organismal metabolism. Consequently, many
human diseases arise from defects in bone formation or
homeostasis. Hence, deciphering the molecular mecha-
nisms underlying bone formation is essential for under-
standing the basis of bone and extracellular matrix-
associated diseases. Here, we provide a detailed charac-
terization of the cellular and molecular functions of the
transcription factor Prdm5 during murine bone formation
in vivo and find that Prdm5 is expressed in skeletal
structures during development and that its loss impacts
the ossification process, leading to a decrease in bone
mineral density. A genome-wide mapping of Prdm5
binding sites in pre-osteoblastic cells reveals an unprece-
dented role for a transcription factor in targeting virtually
all members of the Collagen and SLRP gene families.
Interestingly, Prdm5 predominantly binds exonic regions
of collagen genes and associates with RNA Polymerase II to
sustain Collagen I transcription.

Prdm5 Promotes the Transcription of ECM Genes
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significance of Prdm5 in chondrogenesis was evaluated by

knocking down Prdm5 in the ATDC5 chondrogenic cell line

(Figure S2A). In this system, Prdm5 loss did not affect

chondrogenic differentiation, as evaluated by measuring glycos-

aminoglycan deposition (Figure S2B).

To investigate transcriptional changes imposed by Prdm5 loss in

primary osteoblasts, expression levels of a series of osteogenic

markers in Prdm5 wild type and mutant calvarial osteoblasts were

measured by qRT-PCR. Significant reduction was observed for

transcripts encoding Osteocalcin (Bglap1) and Bone sialoprotein

(Ibsp), both late osteoblast markers, while transcript levels for early

markers such as Osteopontin (Spp1), Osterix (Sp7) and Runx2 were

unchanged (Figure 2E). When assayed for mineralization activity,

no difference in matrix calcification was detected by Alizarin red

staining in calvarial osteoblasts from cohorts of WT and mutant

animals (Figure S2C and S2D). However, this phenotype may

depend on cellular adaptation in culture, since treatment of wild

type calvarial osteoblasts with a siRNA oligo which efficiently

reduces Prdm5 levels, resulted in decreased matrix mineralization

after 14 days of osteogenic stimulation (Figure S2E).

Collectively, the data indicate that Prdm5 exerts a cell-

autonomous function in the osteogenic pathway.

Prdm5 targets gene bodies of transcriptionally active
genes via a consensus sequence

To unveil the molecular functions of Prdm5 in osteoblastic cells

and identify direct target genes, chromatin immunoprecipitation

followed by deep sequencing (ChIP-seq) was performed for Prdm5

in the MC3T3 cell line.

Two different Prdm5 polyclonal antibodies were generated and

western blot analysis of Prdm5 wild type and mutant mouse

embryonic fibroblasts revealed that these antibodies recognize

distinct epitopes (Figure S3A), and both were confirmed as suitable

for ChIP experiments (Figure S3B).

Data from ChIP-seq analyses with the two antibodies were

overlaid resulting in 1712 common loci we defined as high

confidence Prdm5 target regions (Figure S3C and Table S1).

Interestingly, 29% of Prdm5 peaks resided in promoter regions,

while 39% of the peaks resided inside the body of genes

(Figure 3A). Across all genes, Prdm5 binding was distributed

throughout the length of target genes with the highest density

around the TSSs (Figure 3B). A de novo motif finding algorithm for

Prdm5 peak centers identified a putative consensus sequence for

Prdm5 binding (Figure 3C). This sequence bears strong similarity

to a Prdm5 consensus previously identified by in vitro random

Figure 1. Prdm5 is expressed in osteoblast regions of developing bones. A) Scheme for the generation of the Prdm5LacZ/LacZ mouse strain.
B–E) X-gal stainings of Prdm5LacZ/LacZ embryos at E10.5 (B), E12.5 (C) E14.5 (D) and E16.5 (E). F) E16.5 embryo image detail. LacZ reporter expression in
the perichondrium and growth plate of femur and ribs is marked by arrows. G) X-gal staining of tibiae section from E16.5 Prdm5 mutant embryo.
Juxtaposition of three pictures (separated by white lines) to represent the whole length of a tibia. Indicated are different compartments:
PC = proliferative chondrocytes, HC = hypertrophic chondrocytes, OB = osteoblasts. Periosteum is marked by asterisks. H) Whole mount X-gal staining
of Prdm5LacZ/LacZ newborn skull at P0. Pronounced staining in sutures is indicated with an arrow. Bars = 1 mm, except for (G) where bar = 200 mm.
doi:10.1371/journal.pgen.1002711.g001

Prdm5 Promotes the Transcription of ECM Genes
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Figure 2. Prdm5 deregulation impairs osteogenic differentiation in vitro. A) Upper panel. qRT-PCR of Prdm5 levels in MC3T3 cells transduced
with lentiviral shRNA constructs against Prdm5 (shPrdm5-a and shPrdm5-b) and control construct. Lower panel. Prdm5 western blot from the same
experiment. Tubulin is included as loading control. B) Upper panel. Quantification of Alizarin red staining after 21 days of osteogenic differentiation in
MC3T3 cells. Data are presented as mean of 3 independent experiments 6 SEM. ** = p,0.01 and *** = p,0.005 (t-test). Lower panel. Representative
image from osteogenic differentiation experiments. C) Western blot showing overexpression of human PRDM5 (marked with star) in MC3T3 cells
(filled circle = endogenous Prdm5). GFP overexpression is used as a negative control and Vinculin western blot for equal protein loading. D)
Quantification of Alizarin red staining from osteogenic differentiation experiments of MC3T3 cells overexpressing GFP or PRDM5. A representative
experiment is shown and data are presented as average 6 standard deviation. E) qRT-PCR analysis of WT and Prdm5LacZ/LacZ calvaria osteoblasts for

Prdm5 Promotes the Transcription of ECM Genes

PLoS Genetics | www.plosgenetics.org 4 May 2012 | Volume 8 | Issue 5 | e1002711



oligonucleotide selection experiments (Figure S3D) [4]. To

confirm whether DNA fragments containing the identified

sequence motif were directly recognized by Prdm5, in vitro

pulldown assays using biotinylated DNA oligonucleotide probes

were performed. Overexpressed HA-PRDM5 readily bound to

DNA probes containing the consensus motif (a region of Col1a1

exon 33, containing 3 motifs with p-score 0.96), whereas the

binding was impaired by mutation of the first and last two

guanines of the consensus motifs (Figure 3C).

Gene activity in MC3T3 cells was also estimated by performing

ChIP-seq on the same chromatin preparation for total RNA

polymerase II, histone H3 lysine 4 trimethylation (H3K4me3) and

H3 lysine 9 trimethylation (H3K9me3), allowing for a correlation

of Prdm5 binding to gene activity. Prdm5 bound genes were

enriched either for the presence of H3K9me3 or H3K4me3, with

a strong preference for Prdm5 target genes to present H3K4me3

peaks around their TSS, when compared to the average of 100

permutations of a size-matched set of random genes (Figure 3D).

These results indicate that Prdm5 may act both as a transcriptional

repressor and activator in a promoter-dependent fashion and that

in MC3T3 cells the majority of Prdm5 target genes are actively

transcribed. Indeed, Prdm5 target genes were also associated with

RNA polymerase II occupancy (to a similar extent as H3K4me3)

(Figure 3D) and expression analysis from microarray data of

MC3T3 cells showed that genes bound by Prdm5 are character-

ized by a general increase in expression signal with respect to the

total of the genes represented on the microarray (Figure 3E).

Prdm5 targets genomic loci encoding collagen genes
and sustains collagen I transcription in osteoblasts

Annotation of the Prdm5 bound loci and detailed analysis

followed by ChIP-qPCR validation on independent samples with

both Prdm5 antibodies strikingly revealed that 42 of 43 collagen

genes in the mouse genome contained at least one Prdm5 peak

(Figure 4A). Moreover, the results were validated in primary wt

and LacZ/LacZ calvarial osteoblasts, where Prdm5 enrichment

was strongly reduced in mutant cells (Figure S4A and S4B).

When genomic regions bound by Prdm5 were subsequently

annotated according to biological processes, a strong enrichment

was observed for genes associated with collagen fibril and

extracellular matrix organization, as well as bone development

(Figure 4B). Prdm5 binding to collagen genes occurred almost

osteogenic markers as indicated. Expression values were normalized to a panel of housekeeping genes (Rps18, Ubc, Actb, Rpl0) and indexed to the
average expression value of wild type clones. * = p,0.05 and *** = p,0.001, by unpaired T-test, +/+ (n = 14), LacZ/LacZ (n = 19).
doi:10.1371/journal.pgen.1002711.g002

Figure 3. Analyses of Prdm5 chromatin interactions. A) Diagram illustrating the overall distribution of Prdm5 binding sites categorized
according to the distance from the nearest TSS (see Text S1). B) The mean distribution of tags across gene bodies for Prdm5 ChIP-seq (Prdm5-ab1 in
blue, Prdm5-ab2 in red and IgG in black). Vertical dashed line at x = 0 represents the TSS. Positions after the TSS are represented as % of the length of
the gene. C) Upper panel. Slogos plot produced using the motifs detected by the Weeder program from Prdm5 ‘‘shrunk’’ peaks (see Text S1). Lower
panel. DNA pulldown assay from nuclear extract of 293 cells overexpressing HA-PRDM5 using biotinylated oligos representing the Col1a1 exon 33
(WT) and a mutated control sequence (G-A/T Mut). D) Histogram showing the percentage of H3K9me3 (left panel), H3K4me3 (middle panel) and RNA
Polymerase II (right panel) positivity for ‘‘Random sampling’’ (mean value of 100 iterations for 1446 random genes sets) or for Prdm5 target genes. (E)
Q-Q plot comparing the quantile distribution of Prdm5 target genes’ expression (on Y axis) and all genes (on X axis). Red line is reference line
representing equal quantile distribution.
doi:10.1371/journal.pgen.1002711.g003

Prdm5 Promotes the Transcription of ECM Genes
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Figure 4. Prdm5 targets all collagen genes and regulates type I collagen expression. A) ChIP-qPCR validation of Prdm5 peaks in collagen
genes or negative control regions from an independent chromatin preparation immunoprecipitated with IgG, Prdm5-Ab1 (in black and blue
respectively, plotted on left Y axis) or Prdm5-Ab2 (in red, plotted on right Y axis). Orange horizontal line represents the highest ‘‘noise’’ value obtained
by ChIP-qPCR on a set of negative regions. B) Biological processes enrichment from gene ontology annotation of Prdm5 target regions. C)
Distribution of the ‘‘peak centre’’ position for collagen genes targeted by Prdm5 or random sampling of Prdm5 target genes according to genetic
feature. D) Correlation between Prdm5-Ab1 coverage inside the gene body of all mouse collagen genes (X-axis) and Pol II coverage in the same
regions (Y-axis) normalized by base pairs. E) qRT-PCR for Prdm5, Col1a1 and Col1a2 in MC3T3 cells treated for 72 hours with siRNA oligos against
Prdm5 (siPrdm5-1 and -2) or controls. Results are presented as average of four independent experiments 6 SD; * = p,0.05, ** = p,0.01. F) Upper
panel. ChIP-qPCR for RNA Pol II in WT and mutant (blue and red respectively) calvarial osteoblasts along the Col1a1 gene. IgG control is represented
by black and green lines respectively. X-axis = distance (in bp) from Col1a1 TSS, * = p,0.05 (unpaired t-test). Lower panel. Genome browser snapshot
of the corresponding Col1a1 genomic region displaying MC3T3 tracks for: qPCR amplicons, IgG, RNA Pol II and Prdm5-Ab1 coverage. G) Western blot
from co-immunoprecipitation experiment of HA-PRDM5 in HEK293 cells; endogenous interacting proteins or IgG are indicated.
doi:10.1371/journal.pgen.1002711.g004

Prdm5 Promotes the Transcription of ECM Genes
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exclusively in the gene body with approx. 60% of peaks centered

in exonic regions (Figure 4C). Importantly, Prdm5 occupancy in

the body of collagen genes correlated with the amount of bound

RNA polymerase II in the same regions (Figure 4D), suggesting a

role for Prdm5 in sustaining transcriptional activity of the collagen

gene family.

Very high enrichment for Prdm5 binding was observed in the

two genomic loci corresponding to the collagen I genes Col1a1 and

Col1a2 (Figure 4D and Figure S4C). Prdm5 knockdown by means

of two siRNA oligos demonstrated that Prdm5 occupancy in

Col1a1 and Col1a2 genes was functionally relevant, as reduction in

Prdm5 levels led to a decrease in transcript and protein levels of

both type I collagen genes (Figure 4E and Figure S4D). This effect

was observed also in primary osteoblasts upon genetic ablation of

Prdm5 (Figure S4E). Given the close correlation between Prdm5

occupancy and RNA polymerase II presence, we measured the

occupancy of the latter along the whole length of the Col1a1 gene

in Prdm5 wild type and mutant osteoblasts. While RNA

polymerase II levels were unchanged in LacZ/LacZ cells at the

Col1a1 TSS, we observed a significant drop in RNA polymerase II

levels in mutant Prdm5 osteoblasts between +6.2 kb and the end of

the Col1a1 gene (Figure 4F). Towards understanding the mech-

anism, we hypothesized that Prdm5 could affect RNA polymerase

II by direct interaction. Indeed, overexpressed HA-PRDM5 co-

immunoprecipitated with endogenous RNA polymerase II and

with higher affinity to the elongating form of RNA polymerase II

as evident from analysis using a phospho-serine 2 specific RNA

polymerase II antibody (Figure 4G). In summary, Prdm5 targets

virtually all the collagen genes in the mouse genome and high

Prdm5 occupancy inside the Col1a1 gene body promotes RNA

polymerase II occupancy and transcription.

Prdm5 regulates Decorin via a distal element with an
enhancer-like chromatin signature

Analyses of the annotation of Prdm5 bound loci revealed that

the Prdm5 target repertoire extends to genomic regions encoding

other ECM genes involved in collagen fibrillogenesis, such as

Periostin (Postn) and genes from the SLRP family, such as Decorin

(Dcn), Fibromodulin (Fmod), Biglycan (Bgn) and Epiphycan (Epc).

Also in this case, Prdm5 occupancy on selected targets was

validated in independent samples from MC3T3 cells (Figure 5A),

as well as primary calvarial osteoblasts (Figure S5A and S5B).

Since Decorin is well known to regulate collagen fibrillogenesis,

we analyzed the influence of Prdm5 on Decorin expression.

Indeed, we observed that Prdm5 knockdown resulted in decreased

Decorin transcription (Figure 5B). This effect could be reproduced

in Prdm5LacZ/LacZ calvarial osteoblasts (Figure 5C). While cell-

associated Decorin protein levels were only mildly decreased upon

Prdm5 knockdown (Figure 5D), the amount of secreted Decorin

detected in cell culture media from Prdm5 siRNA treated cells was

strongly reduced (Figure 5D). A closer inspection revealed that the

Prdm5 binding site assigned to Decorin gene was 100 kilobases

distant from its TSS, suggesting the binding to a distal enhancer

(Figure S5C). Chromatin immunoprecipitation for H3K4me1 and

H3K27ac confirmed that Prdm5 bound a site upstream of Dcn

with a chromatin signature corresponding to an enhancer element

(Figure 5E). Our data show that Prdm5 targets SLRP family

members and likely regulates Decorin via a distal enhancer.

Delayed ossification and impairment of collagen
fibrillogenesis in Prdm5LacZ/LacZ embryos

Collagen I is the main component of osteoblastic ECM [11] and

Decorin is known to regulate collagen I fibrillogenesis [16]. The

observed Prdm5 regulation of Collagen I and Decorin genes

prompted us to characterize their deregulation in vivo and the

resulting phenotype in Prdm5LacZ/LacZ mice. qRT-PCR analyses

revealed that the Col1a1 and Col1a2 transcripts were significantly

reduced upon Prdm5 loss in E16.5 limbs (Figure S6A). Moreover,

decreased Collagen I was observed by in situ hybridization in the

periosteum at E16.5 (data not shown), as well as by immunoflu-

orescence microscopy (Figure 6A). While Decorin transcript levels

were unchanged in whole E16.5 mutant limbs (Figure S6B),

immunofluorescence staining displayed reduction of Decorin

protein, particularly in the periosteum and invading osteoblasts

region (Figure 6A), indicating an osteoblast-restricted Prdm5

regulation of Decorin. Given that both molecules are involved in

collagen fiber formation, fibrillar collagen levels were evaluated in

Prdm5LacZ/LacZ embryonic limbs by picrosirius red staining. Using

bright field microscopy, a decreased staining of collagen could be

appreciated in the mutants (Figure S6C). Moreover, using

polarized light to visualize specifically assembled collagen fiber

birefringency, a marked decrease in the presence and organization

of collagen fibers was observed in Prdm5LacZ/LacZ embryonic limbs

(Figure 6A).

Histological examination revealed a shorter osteoblast com-

partment in mutant animals (Figure 6B), suggesting a delay in the

ossification process. Likewise, Von Kossa stainings revealed

decreased calcification in mutant limbs further pointing to an

impaired ossification process in Prdm5 mutants (Figure 6C). To

quantitate the delayed ossification, wild type and Prdm5LacZ/LacZ

E18.5 embryos were analyzed by micro-CT (mCT) scanning.

Quantification of total bone volume demonstrated a significant

reduction in the ossification process in mutant embryos

(Figure 6D). However, at E16.5, no overt differences in the

expression of various bone formation markers were observed

(Figure S6D). To measure the impact of the embryonic ossification

defect in young mice hind limbs from cohorts of WT and

Prdm5LacZ/LacZ mice of both genders were analyzed by peripheral

Quantitative Computed Tomography (pQCT). Images of distal

metaphyseal sections from CT-scans of femurs at 5 weeks of age

demonstrated a decrease in bone mineral density (Figure 6E).

Quantification of total bone mineral density, total mineral content

and total bone area in large cohorts of mice demonstrated a

statistically significant reduction in all three parameters in

Prdm5LacZ/LacZ mice of both genders (Figure 6F and Table S2).

Separate measurements of the cortical and trabecular compart-

ments revealed a more robust reduction in all measured

parameters in cortical regions than trabecular areas (Table S2),

coinciding with the areas where downregulation of Collagen I and

Decorin was predominantly observed in mutant embryo limbs.

In summary, Prdm5LacZ/LacZ animals display a significant

reduction in collagen levels and fibrillogenesis, likely resulting in

the observed osteopenic phenotype.

Discussion

In this study, we uncover a novel function for Prdm5 in

promoting the transcription of key extracellular matrix genes in

osteoblastic cells. We find that Prdm5 is specifically expressed in

the osteoblastic compartment of developing bones and exerts its

function along the osteogenic lineage by promoting osteogenic

differentiation in culture. Mechanistically, we demonstrate that

Prdm5 targets ECM gene families such as collagens and small

leucine-rich proteoglycans. By association with RNA polymerase

II, Prdm5 sustains the transcription of collagen I genes, while the

regulation of Decorin expression is mediated via binding to a distal

enhancer-like element. Prdm5 regulation of these genes occurs in
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Figure 5. Prdm5 regulates Decorin through a distal enhancer. A) ChIP-qPCR validation of Prdm5 peaks on selected ECM genes or negative
regions from an independent sample immunoprecipitated with IgG, Prdm5-Ab1 (in black and blue respectively, plotted on left Y axis) or Prdm5-Ab2
(in red, plotted on right Y axis). Orange horizontal line represents the highest ‘‘noise’’ value obtained by ChIP-qPCR on a set of negative regions. B)
qRT-PCR analysis of Decorin transcript (Dcn) levels upon Prdm5 knockdown as in Figure 4E. Results are presented as average of four independent
experiments +/2 SD; * = p,0.05. (C) qPCR analysis of WT and Prdm5LacZ/LacZ calvarial osteoblasts for Decorin. Expression values were normalized to
the control WT samples. * = p,0.05; T-test, (+/+ n = 14, LacZ/LacZ n = 19 clones). D) Upper panels. Western blot analysis of Decorin levels upon Prdm5
knockdown in cell layers; Tubulin is used as loading control. Lower panels. Western blot analyses of purified proteoglycans from cell culture media
from knockdown cells. Tubulin is used as purity control and Fibronectin for equal protein loading. E) ChIP-qPCR with indicated antibodies for Prdm5
binding site upstream of Dcn gene. Meg3 TSS region is used as negative control.
doi:10.1371/journal.pgen.1002711.g005
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vivo in developing limbs resulting in the decreased bone mineral

density observed in Prdm5LacZ/LacZ animals.

Members of the PRDM family display tissue specific patterns of

expression [24], in agreement with a role in tissue specific

differentiation. In line with this, Prdm1 is known to be a master

regulator of lymphoid differentiation [2], Prdm16 to control

brown fat development [3], Prdm14 to regulate embryonic stem

cell pluripotency and germ cell differentiation [25,26] and Prdm9

to determine meiotic recombination hotspots [27]. So far Prdm5

has not been characterized in the context of mammalian

development. Our study thus provides the first evidence of a role

for Prdm5 in tissue specific differentiation extending the concept of

PRDM proteins as regulators of specific tissues and in agreement

with the idea of functional specialization of PRDM members

during expansion of the family in vertebrates [28].

The identification of high Prdm5 expression in osteoblasts and

its function in osteogenic differentiation in vitro permitted us to

evaluate its molecular functions in a relevant cellular context.

Indeed, it is noteworthy that Prdm5 silencing does not restrict

chondrogenic differentiation in vitro suggesting cell type specificity

in Prdm5 action.

By genome wide mapping of Prdm5 binding sites in a pre-

osteoblastic cell line, we demonstrate a unique capacity of Prdm5

to bind the whole family of collagen genes and especially to bind

these genes within the gene body. This is an unprecedented feature

for a transcriptional regulator, i.e. binding the gene bodies of all

the members of such a large gene family. Moreover, we observed

Prdm5 occupancy in genomic regions encoding for non-collagen

proteins with collagenous domains (e.g. C1q family), suggesting

that either Prdm5 consensus sequence is overrepresented in

genomic regions encoding for collagenous domains, or that simply

Prdm5 binds common regulatory elements shared by specific gene

families. Indeed we detected Prdm5 binding to several members of

the SLRP family as well as a number of genes encoding for

essential extracellular matrix components (complete list in Table

S1), demonstrating that Prdm5 potentially regulates a wide but

specific transcriptional program necessary for proper extracellular

matrix formation.

In this study, we focus on fibrillar collagens, particularly

Collagen I genes; these were highly enriched for Prdm5 binding

and are essential constituent of osteoblastic matrix. A number of

transcription factors have been shown to regulate Collagen I genes

and the location of their binding sites on Col1a1 and Col1a2

promoters have been shown to determine the expression in

different osteoblast subtypes [29,30]. Very little is known

concerning the regulation of Col1a1 and Col1a2 gene expression

by factors binding downstream of their promoter, except for a

repressor region located within intron 1 that can recruit GATA

and IRF proteins to block enhancer stimulation of promoter

activity [31,32]. To our knowledge, Prdm5 is the first example of a

transcriptional modulator able to bind a consensus sequence found

inside collagen genes, particularly Col1a1 and Col1a2.

Interestingly, upon Prdm5 loss in osteoblasts, we observe

decreased RNA polymerase II occupancy throughout the gene

body of the Col1a1 gene, while at the TSS, RNA polymerase II

occupancy remains unchanged. This suggests that Prdm5 is

sustaining transcription of the Col1a1 gene by affecting polymerase

processivity. This hypothesis is further supported by the observed

interaction between Prdm5 and RNA polymerase II. The higher

enrichment for the processive, ‘‘elongating’’, form of RNA

polymerase II phosphorylated on Serine 2 of its C-terminal

domain, argues in favor of Prdm5 directly sustaining RNA

polymerase II processivity although further analyses are required

to clearly define the underlying mechanism. Since Prdm5 binds

predominantly exonic regions of collagen genes, and splicing is

known to occur co-transcriptionally [33], there may be a role for

Prdm5 in the coupling of splicing to transcription. However, we

failed to detect an altered Col1a1 splice pattern in Prdm5 mutant

osteoblasts (data not shown), making this hypothesis less likely. The

correlation between Prdm5 binding levels within collagen genes

and RNA polymerase II occupancy suggests that Prdm5 in certain

contexts may act as a transcriptional activator in contrast to the

previously described role of PRDM5 acting predominantly as a

transcriptional repressor [4]. Interestingly, we observe major

enrichment for Prdm5 target genes to be transcriptionally active,

presenting both H3K4me3 and RNA Polymerase II (Figure 3D),

suggesting a predominant role for Prdm5 in transcriptional

activation in osteoblastic cells.

The Prdm5 target repertoire extends also to SLRP genes,

including Decorin (Dcn), Fibromodulin (Fmod), Biglycan (Bgn) and

Epiphycan (Epc). Members of this family are involved in correct

type I collagen fibers assembly [15]. Specifically, we found a

Prdm5 binding site residing 100 kb upstream from the Dcn TSS.

Decorin is the closest gene within a range of 760 kb and the Prdm5

binding site displays the chromatin signature of an enhancer

element, suggesting a previously undiscovered role for Prdm5 in

transcriptional enhancement or chromatin organization. Decorin

has been shown to bind directly collagen I [34] and, in bone

tissues, mice lacking Decorin display decreased collagen fiber

diameter, although they do not show pronounced skeletal defects

[35]. Our data show a marked decrease in fibrillar collagen

staining, as evaluated by collagen fibers birefringency, indicating

that downregulation of both Collagen I transcripts as well as

Decorin might contribute to the skeletal phenotype observed.

Of direct relevance, mutations in PRDM5 were recently

detected in Brittle Cornea Syndrome [9]. Brittle Cornea

Syndrome is a generalized connective tissue disease characterized

by impairment of ECM formation and patients develop a number

of other symptoms, aside from ocular defects, such as skin

hyperelasticity, joint hypermobility and skeletal defects [10,36].

While no studies so far have causally linked PRDM5 to this

disease, our data demonstrating that Prdm5 regulates the

expression of fibrillar collagens are in line with the defects in

ECM production and assembly characteristically observed in BCS

patients. The distinct expression pattern observed for Prdm5 in

developing skeleton prompted us to evaluate a bone phenotype but

future studies will be needed to understand if Prdm5LacZ/LacZ mice

develop also corneal, skin and joint defects resembling BCS or

Figure 6. Prdm5 loss results in decreased Collagen I and Decorin levels and leads to reduced bone formation in vivo. A)
Immunofluorescence staining of E16.5 tibiae for Collagen I (upper panel, bar = 200 mm), Decorin (middle panel, bar = 100 mm, asterisk indicates
periosteum area) and Picrosirius red staining of WT and Prdm5LacZ/LacZ E16.5 tibiae under polarized light (lower panel, bar = 100 mm). B) H&E staining
of Prdm5 WT and Prdm5LacZ/LacZ E16.5 bones. The bars indicate the length of the osteoblast region (bar = 100 mm). C) Von Kossa staining of WT and
Prdm5LacZ/LacZ E16.5 tibiae. D) mCT measurements of E18.5 embryos. BV/TV = Bone volume/Total embryo volume. Values for Prdm5LacZ/LacZ embryos
are normalized to littermate controls. * = p,0.05; T-test with Welch correction. E) Representative pictures from pQCT scans of femoral metaphysis of a
5 weeks old Prdm5LacZ/LacZ mouse and a littermate control. Color bar represents the density scale. F) Quantification of total bone mineral density in
femoral metaphysis from 5 weeks old WT and Prdm5LacZ/LacZ animals. Each dot represents the average of two measurements on each animal tested
(n = 9/10 per group).
doi:10.1371/journal.pgen.1002711.g006
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related diseases such as Ehlers-Danlos syndrome. In this regard,

considering the capability of Prdm5 to bind genomic loci encoding

multiple collagen molecules, it may be that Prdm5 affects the levels

of specific collagen molecules in a context-specific fashion. These

features support the role for Prdm5 as an important regulator of

extracellular matrix genes transcription during the process of bone

formation, and extend the need for studies characterizing this

protein in different clinical settings.

Materials and Methods

Animal experiments
To generate the Prdm5LacZ strain, ES cell clone AV0702 from

the Sanger Institute Gene Trap project was microinjected into

C57BL/6 blastocysts. The integration site of the b-geo cassette

was established using long range PCR with primers spanning

different regions of intron 2 and a genotyping strategy was devised

accordingly. All experiments were performed on mice backcrossed

for at least 6 generations into the C57BL/6 strain and

comparisons between WT and mutant animals always refer to

littermates. All animal experimentation was performed with

approval from Danish authorities (Dyreforsøgstilsynet, protocol

number 2006/562-43) and the Regierung von Oberbayern

(Government of Upper Bavaria).

Histological staining and immunohistochemistry
For whole mount X-gal staining, embryos were deskinned (after

E15) and fixed in 0.25% glutaraldehyde (Sigma). Stainings were

performed by incubation in staining solution containing 0.02%

NP40, 0.01% Sodium Deoxycholic acid, 2 mM MgCl2, 20 mM

Tris-HCl (pH 7.4), 50 mM K-Ferrocyanide, 50 mM K-Ferricya-

nide, 1 mg/mL X-gal in PBS (chemicals purchased from Sigma).

Stained embryos were post-fixed in 4% paraformaldehyde and

cleared in increasing concentrations of glycerol in 1% KOH.

Images were acquired with a Leica D-Lux 3 on Leica S6D

stereoscope. Von Kossa staining was performed by staining

dehydrated sections in 1% AgNO3 under UV light, followed by

incubation with 5% Sodium thiosulfate. Picrosirius red stainings

were performed as described [37]. Images were acquired under

polarized light using a BX51 Olympus microscope. In-situ

hybridization was performed as previously described [38] and

protocols for immunofluorescence stainings are described in Text

S1.

Cell culture and transfections
Primary human osteoblasts (kindly provided by Bente Langdahl,

Århus University, Denmark) were isolated from bone biopsies of

healthy donors. MC3T3 cells were maintained in Alpha-MEM

(Gibco) with 10% FBS (Hyclone) and 1% penicillin-streptomycin

(Gibco). ATDC5 cells were maintained in DMEM:F12 (Gibco)

media supplemented with 5% FBS, 10 mg/ml human transferrin

(Roche) and 30 nM sodium selenite (Sigma). Calvarial osteoblasts

were derived as previously described [21]. Differentiation proto-

cols and transfection/transduction techniques are detailed in Text

S1.

Co-immunoprecipitation, immunoblotting, and gene
expression analyses

For co-immunoprecipitation experiments HEK293 cells were

transfected with indicated plasmids and, 48 hours after, lysed in

ELB buffer (150 mM NaCl, 50 mM HEPES, 0.1% Igepal) and

incubated with HA-agarose beads (Sigma) overnight. After washes,

proteins were recovered by boiling beads in SDS Laemmli buffer.

For whole cells lysate immunoblotting, cells were harvested and

lysed in RIPA buffer and subjected to standard SDS-PAGE.

Protocols and antibodies used are detailed in Text S1.

Total RNA was extracted from cell pellets using the RNeasy

Plus Mini Kit (Qiagen) according to the manufacturer’s instruc-

tions. cDNA was synthetized using TaqMan Reverse Trancription

Reagents (Applied Biosystems). qRT-PCR was performed with the

One Step plus Sequence Detection System (Applied Biosystems)

using Fast SYBR green master mix reagent (Applied Biosystems).

Gene expression levels were normalized to the average of at least

two housekeeping genes. qPCR primers sequences are listed in

Table S3. For MC3T3 microarray data, RNA was amplified and

labeled using TotalPrep RNA Amplification Kit (Ambion) and

hybridized to MouseWG-6 v2.0 Expression BeadChip array

(Illumina) according to manufacturer’s recommendation.

Chromatin immunoprecipitation and Deep sequencing
Chromatin immunoprecipitation assay (ChIP) protocol and

antibodies used are detailed in Text S1. Libraries for sequencing

were obtained using the ChIP-seq DNA sample prep kit (Illumina)

according to manufacturer recommendations and samples were

sequenced on a Genome Analyzer II sequencer (Illumina). Primers

for ChIP-qPCR experiments are listed in Table S3.

Bioinformatic analysis
Microarray and ChIP-seq analyses are detailed in Text S1.

mCT and Peripheral quantitative computed tomography
E18.5 embryos were scanned using a micro CT scanner (model

1172, Skyscan, Belgium) at 50 kV, 200 mA and a 0.5 mm

aluminium filter. Adult mice at 5 weeks of age were analyzed by

pQCT using Stratec XCT Research SA+ (Stratec Medizintechnik

GmbH, Germany) at the German Mouse Clinic [39]. Analyses

details are provided in Text S1.

Supporting Information

Figure S1 Prdm5LacZ/LacZ mice do not display gross abnormalities

and PRDM5 is expressed in osteoblasts. A) Left panel. Western

blot of +/+ and LacZ/LacZ mouse embryo fibroblasts using

serum from mice immunized with recombinant Prdm51-142. Right

panel. qPCR for Prdm5 wt and Prdm5-bgeo fusion alleles in mouse

embryo fibroblasts of the three genotypes. B) qPCR for Prdm5 wild

type transcript in a panel of tissues from wild type and Prdm5LacZ/

LacZ mice. Results are shown as the average of 3 animals per group

6 standard deviations. C) Number of mice obtained at weaning

with different genotypes from Prdm5+/LacZ intercrosses. In

parenthesis the expected numbers according to Mendelian ratios.

Statistical differences were calculated by Chi-square test. D)

Weight of wild type and Prdm5LacZ/LacZ mice up to 56 weeks of age.

E) qPCR analysis for PRDM5 in primary human osteoblasts from

6 different donors (black bars) and a panel of human immortalized

cell lines of different origins (grey bars). F) Western blot analysis of

Prdm5 protein expression in the indicated mouse cell lines.

* = unspecific bands for equal loading.

(PDF)

Figure S2 Prdm5 knockdown affects osteogenic differentiation

in vitro, but not chondrogenic differentiation. A) Left panel. qPCR

of Prdm5 levels in chondrogenic ATDC5 cells infected with

lentiviral shRNA constructs against the Prdm5 transcript

(shPrdm5-a) and control construct. Right panel. Western blot

measuring Prdm5 protein levels in the same cells. Actin is used as a

control for equal protein loading. B) Upper panel. Quantification
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of glycosaminoglycans deposition from ATDC5 cells infected with

control or shPrdm5-a constructs after 17 days of stimulation with

chondrogenic media and stained with Alcian blue. Data are

presented as the mean of 2 independent experiments 6 standard

deviation. Lower panel. Representative picture from the chon-

drogenic differentiation experiment. C) Representative pictures of

alizarin red stained WT and Prdm5LacZ/LacZ calvarial osteoblasts

after 14 days of osteogenic differentiation. D) Quantification of the

alizarin red staining from osteogenic differentiation experiments in

WT and Prdm5LacZ/LacZ calvarial osteoblasts. Data are presented as

mean 6 standard deviation for 10 different littermate primary

cultures per group. E) Left panel. Western blot measuring Prdm5

protein levels in primary calvarial osteoblasts treated for 72 hours

with control oligo or siRNA pool against Prdm5 (siPrdm5).

Vinculin is used as a control for equal protein loading. Right

panel. Quantification of calcified matrix deposition from calvarial

osteoblasts treated with control or siPrdm5 after 14 days of

stimulation with osteogenic media and stained with Alizarin red.

Data are presented as the mean of 4 independent experiments 6

standard deviation. Lower panel. Representative picture from the

osteogenic differentiation experiment.

(PDF)

Figure S3 Validation of Prdm5 ChIP-grade antibodies. A)

Western blot of +/+ and LacZ/LacZ mouse embryo fibroblasts

using Prdm5 rabbit polyclonal antibodies Prdm5-ab1 and Prdm5-

ab2. B) Left panel. Transfection control of HEK293 cells

containing a stably integrated GAL4TkLuc reporter with empty

vector or vector expressing Prdm5 fused to Gal4 DNA binding

domain (Gal4BD-Prdm5 OE). Tubulin is used for equal protein

loading. Right panel. Chromatin immunoprecipitation from

Gal4BD-Prdm5-OE sample with IgG (negative control), Gal4

(positive control) and a range of in house-generated or commer-

cially available Prdm5 antibodies. C) Venn diagram of the overlay

of peaks identified by ChIP-seq in MC3T3 in experiment either

with Prdm5-ab1 or Prdm5-ab2. D) Slogo representation of re-

analysis of sequences retrieved by previously published random

oligonucleotide experiment [4].

(PDF)

Figure S4 Prdm5 binds inside Col1a1 and Col1a2 gene bodies

and regulates their transcription. A) ChIP-qPCR in primary

calvarial osteoblasts with IgG or Prdm5-ab1 (black and red bars

respectively) for Prdm5 binding site in selected collagen genes.

Genomic regions around Meg3 and Sema5b are used as negative

controls. Orange horizontal line represents the highest ‘‘noise’’

value obtained by ChIP-qPCR on a set of negative regions. B)

ChIP-qPCR in wild type (red bars) and Prdm5LacZ/LacZ (blue bars)

calvarial osteoblasts for a number of collagen genes. Genomic

regions around Meg3 and Sema5b are used as negative controls.

Orange horizontal line represents the highest ‘‘noise’’ value

obtained by ChIP-qPCR on a set of negative regions. C) Genome

browser snapshot for Col1a1 (upper panel) and Col1a2 (lower panel)

regions. Tracks represent IgG, Prdm5-Ab1 and Prdm5-Ab2

sequencing results as indicated. D) Western blot for Prdm5 and

Collagen I levels from MC3T3 cells treated for 72 hours with

control or Prdm5 siRNA oligos. Tubulin is used for equal protein

loading. E) qPCR analysis of WT and Prdm5LacZ/LacZ calvarial

osteoblasts for Col1a1and Col1a2. Expression values were normal-

ized to WT controls. *** = p,0.001 according to T-test, (+/+
n = 14, LacZ/LacZ n = 19 clones).

(PDF)

Figure S5 Prdm5 binds a distal element from Dcn gene TSS in

calvarial osteoblasts. A) ChIP-qPCR in primary calvarial osteo-

blasts with IgG or Prdm5-ab1 (black and red bars respectively) for

Prdm5 binding site assigned to ECM genes identified from ChIP-

seq. Genomic region around AdamTS9 is used as negative control.

Orange horizontal line represents the highest ‘‘noise’’ value

obtained by ChIP-qPCR on a set of negative regions. B) ChIP-

qPCR in wild type (red bars) and Prdm5LacZ/LacZ (blue bars)

calvarial osteoblasts for the main peaks assigned to ECM genes

identified from ChIP-seq. Genomic region around AdamTS9 is

used as negative control. Orange horizontal line represents the

highest ‘‘noise’’ value obtained by ChIP-qPCR on a set of negative

regions. C) Genome browser snapshot for Prdm5 target region

assigned to Dcn gene. Tracks represent IgG, Prdm5-Ab1 and

Prdm5-Ab2 sequencing results as indicated.

(PDF)

Figure S6 Characterization of Prdm5 target genes levels and

osteoblasts markers in Prdm5LacZ/LacZ E16.5 limbs. A) qPCR analysis

for Col1a1 and Col1a2 in E16.5 wild type and Prdm5LacZ/LacZ limbs

(n = 4). * = p,0.05. B) qPCR analysis for Dcn in E16.5 WT and

Prdm5LacZ/LacZ limbs (n = 4). C) Bright field image of picrosirius red

staining in wild type and Prdm5LacZ/LacZ E16.5 tibia. D) In-situ

hybridizations for Spp1/Osteopontin and Ibsp (bar = 400 um) and

immunofluorescence micrographs of Mmp13 (bar = 100 mm),

Vegfa and Osterix (bar = 200 mm) in WT and Prdm5LacZ/LacZ

E16.5 embryo femurs or tibiae. White arrow indicates growth plate

direction for orientation. All histological analyses are performed on

parallel sections between littermate embryos of same sex.

(PDF)

Table S1 Genomic regions identified as high confidence Prdm5

targets from ChIP-seq experiment. Assigned ensembl gene IDs by

annotation are indicated.

(PDF)

Table S2 pQCT parameters measured in wild type and

Prdm5LacZ/LacZ animals at 5 weeks. P-value by T-test is indicated

and cells color-coded according to: yellow = p,0.05, oran-

ge = p,0.01, red = p,0.005.

(PDF)

Table S3 Primers used for qPCR and ChIP-qPCR throughout

the study.

(PDF)

Text S1 Extended description of experimental procedures

including bioinformatics analyses and supplemental references.

(DOCX)
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Galli_Table S1

Assigned_Ensembl_ID Chromosome start_position_(bp) end_position_(bp)
ENSMUSG00000062588 chr1 4871837 4872254
ENSMUSG00000002459 chr1 5059967 5060278
ENSMUSG00000061024 chr1 9535068 9535495
ENSMUSG00000025932 chr1 14497004 14497547
ENSMUSG00000026158 chr1 23389277 23389827
ENSMUSG00000026147 chr1 24204058 24204570
ENSMUSG00000026147 chr1 24228155 24228950
ENSMUSG00000026147 chr1 24236796 24237333
ENSMUSG00000026147 chr1 24237646 24238796
ENSMUSG00000026147 chr1 24243848 24244404
ENSMUSG00000026147 chr1 24245953 24246389
ENSMUSG00000004768 chr1 33776277 33776942
ENSMUSG00000042215 chr1 33814124 33814767
ENSMUSG00000037470 chr1 36300828 36301242
ENSMUSG00000037408 chr1 36528590 36529028
ENSMUSG00000026113 chr1 37366832 37367441
ENSMUSG00000026110 chr1 37642521 37643007
ENSMUSG00000026083 chr1 38054735 38055178
ENSMUSG00000026082 chr1 38185841 38186368
ENSMUSG00000026082 chr1 38186864 38187155
ENSMUSG00000026082 chr1 38196242 38196671
ENSMUSG00000026074 chr1 39902860 39903449
ENSMUSG00000041763 chr1 43990511 43990948
ENSMUSG00000026048 chr1 44204686 44205229
ENSMUSG00000026043 chr1 45378425 45379172
ENSMUSG00000026043 chr1 45381918 45383126
ENSMUSG00000026043 chr1 45383338 45383694
ENSMUSG00000026043 chr1 45387156 45387639
ENSMUSG00000026043 chr1 45387707 45389309
ENSMUSG00000026043 chr1 45389671 45389967
ENSMUSG00000026043 chr1 45390167 45391773
ENSMUSG00000026043 chr1 45391838 45392187
ENSMUSG00000026043 chr1 45393298 45393787
ENSMUSG00000026043 chr1 45393948 45394490
ENSMUSG00000026043 chr1 45395060 45395840
ENSMUSG00000026043 chr1 45396506 45398375
ENSMUSG00000026043 chr1 45398664 45399493
ENSMUSG00000026043 chr1 45399960 45401137
ENSMUSG00000026043 chr1 45401198 45402076
ENSMUSG00000026043 chr1 45402536 45403047
ENSMUSG00000026042 chr1 45464278 45464894
ENSMUSG00000026042 chr1 45474262 45474677
ENSMUSG00000026042 chr1 45478576 45479603
ENSMUSG00000026042 chr1 45486462 45487030
ENSMUSG00000026042 chr1 45491409 45492066
ENSMUSG00000084531 chr1 50612043 50612359
ENSMUSG00000026107 chr1 51530247 51530575
ENSMUSG00000052331 chr1 54896280 54896869
ENSMUSG00000025980 chr1 55144552 55145126
ENSMUSG00000038331 chr1 57015688 57016196
ENSMUSG00000038331 chr1 57030039 57030511
ENSMUSG00000038331 chr1 57037885 57038491
ENSMUSG00000063558 chr1 58087061 58087393
ENSMUSG00000038242 chr1 58267004 58267638



ENSMUSG00000026036 chr1 58501911 58502396
ENSMUSG00000041075 chr1 59539725 59540142
ENSMUSG00000047361 chr1 59565323 59565820
ENSMUSG00000026018 chr1 60079626 60079915
ENSMUSG00000026019 chr1 60154692 60155564
ENSMUSG00000041003 chr1 60237101 60237446
ENSMUSG00000082160 chr1 60669822 60670281
ENSMUSG00000046526 chr1 62579235 62579532
ENSMUSG00000081617 chr1 62919990 62920649
ENSMUSG00000025959 chr1 64168518 64168874
ENSMUSG00000045005 chr1 64782836 64783223
ENSMUSG00000045005 chr1 64887471 64888062
ENSMUSG00000025945 chr1 65794067 65794561
ENSMUSG00000084332 chr1 69288442 69288852
ENSMUSG00000026176 chr1 74437858 74438336
ENSMUSG00000033021 chr1 75432283 75432941
ENSMUSG00000082528 chr1 75598077 75598683
ENSMUSG00000067158 chr1 82522376 82522793
ENSMUSG00000026150 chr1 82677162 82677497
ENSMUSG00000026238 chr1 88399527 88400067
ENSMUSG00000026240 chr1 88479216 88479555
ENSMUSG00000036500 chr1 89021738 89022118
ENSMUSG00000026255 chr1 89168980 89169542
ENSMUSG00000084195 chr1 90017099 90017613
ENSMUSG00000049866 chr1 90597710 90598135
ENSMUSG00000056128 chr1 92547723 92548168
ENSMUSG00000048126 chr1 92680674 92681043
ENSMUSG00000048126 chr1 92681445 92682082
ENSMUSG00000048126 chr1 92684583 92685085
ENSMUSG00000048126 chr1 92691347 92691843
ENSMUSG00000047443 chr1 93265741 93266206
ENSMUSG00000026313 chr1 93977506 93977967
ENSMUSG00000034220 chr1 94711289 94711891
ENSMUSG00000026274 chr1 95239392 95240113
ENSMUSG00000026277 chr1 95532394 95532999
ENSMUSG00000077413 chr1 96577611 96577969
ENSMUSG00000038866 chr1 107783654 107783982
ENSMUSG00000067001 chr1 109315402 109315772
ENSMUSG00000048402 chr1 120928436 120928936
ENSMUSG00000026390 chr1 122382156 122382718
ENSMUSG00000001674 chr1 123464210 123464758
ENSMUSG00000070689 chr1 128652189 128652719
ENSMUSG00000036086 chr1 129999121 129999618
ENSMUSG00000080357 chr1 130445562 130445990
ENSMUSG00000026427 chr1 133052148 133052555
ENSMUSG00000026437 chr1 134036094 134036642
ENSMUSG00000079330 chr1 134071514 134072119
ENSMUSG00000053024 chr1 134435253 134435693
ENSMUSG00000041577 chr1 135862090 135862589
ENSMUSG00000041559 chr1 135935901 135936607
ENSMUSG00000041559 chr1 135938382 135939189
ENSMUSG00000041559 chr1 135939872 135940460
ENSMUSG00000042305 chr1 136258496 136258895
ENSMUSG00000026456 chr1 136302373 136302900
ENSMUSG00000042207 chr1 136453363 136453689
ENSMUSG00000077846 chr1 136642042 136642640
ENSMUSG00000026424 chr1 137092432 137093003
ENSMUSG00000048096 chr1 137220802 137221635



ENSMUSG00000009418 chr1 137568652 137569432
ENSMUSG00000009418 chr1 137583835 137584205
ENSMUSG00000073552 chr1 138645540 138646211
ENSMUSG00000026398 chr1 138976222 138976774
ENSMUSG00000006005 chr1 152239600 152240112
ENSMUSG00000043019 chr1 153552908 153553648
ENSMUSG00000032666 chr1 153846561 153847165
ENSMUSG00000026473 chr1 155746990 155747320
ENSMUSG00000050565 chr1 157854909 157855184
ENSMUSG00000026592 chr1 159077618 159078089
ENSMUSG00000033488 chr1 159366263 159366823
ENSMUSG00000073530 chr1 160847139 160847783
ENSMUSG00000047661 chr1 160959740 160960198
ENSMUSG00000040782 chr1 161163016 161163436
ENSMUSG00000053332 chr1 162965189 162965703
ENSMUSG00000026586 chr1 165223915 165224427
ENSMUSG00000026586 chr1 165242190 165242986
ENSMUSG00000040124 chr1 165333611 165333996
ENSMUSG00000026585 chr1 165709295 165709708
ENSMUSG00000026566 chr1 167572854 167573325
ENSMUSG00000026560 chr1 168649366 168649907
ENSMUSG00000053664 chr1 169176968 169177466
ENSMUSG00000038463 chr1 172575891 172576594
ENSMUSG00000038463 chr1 172594879 172595727
ENSMUSG00000006403 chr1 173179800 173180178
ENSMUSG00000052423 chr1 173192829 173193435
ENSMUSG00000003464 chr1 174064184 174064575
ENSMUSG00000026500 chr1 180249040 180249698
ENSMUSG00000055067 chr1 181406642 181407024
ENSMUSG00000055067 chr1 181408040 181408582
ENSMUSG00000026491 chr1 181792993 181793523
ENSMUSG00000026489 chr1 182098095 182098562
ENSMUSG00000066652 chr1 182824792 182825149
ENSMUSG00000038776 chr1 182945796 182946447
ENSMUSG00000026509 chr1 184430912 184431496
ENSMUSG00000079164 chr1 184886693 184887114
ENSMUSG00000039384 chr1 185860051 185860665
ENSMUSG00000001305 chr1 188573050 188573424
ENSMUSG00000039210 chr1 189102805 189103087
ENSMUSG00000026604 chr1 191641010 191641432
ENSMUSG00000084434 chr1 192349481 192349857
ENSMUSG00000037568 chr1 192802147 192802938
ENSMUSG00000062510 chr1 192887676 192888115
ENSMUSG00000026627 chr1 193149591 193149894
ENSMUSG00000026622 chr1 193650443 193651007
ENSMUSG00000037375 chr1 194607439 194607858
ENSMUSG00000037375 chr1 194615241 194615670
ENSMUSG00000065533 chr1 195395432 195396008
ENSMUSG00000016481 chr1 196957031 196957644
ENSMUSG00000065792 chr10 6267091 6267469
ENSMUSG00000019796 chr10 7320203 7320656
ENSMUSG00000015755 chr10 7636609 7637186
ENSMUSG00000015755 chr10 7710260 7710491
ENSMUSG00000019832 chr10 10277701 10278242
ENSMUSG00000064531 chr10 13635179 13635686
ENSMUSG00000019850 chr10 18721763 18722290
ENSMUSG00000071369 chr10 19696831 19697440
ENSMUSG00000053219 chr10 21928563 21929182



ENSMUSG00000075295 chr10 22118695 22119381
ENSMUSG00000010461 chr10 23216119 23216513
ENSMUSG00000061983 chr10 23507068 23507470
ENSMUSG00000081259 chr10 24288090 24288575
ENSMUSG00000019791 chr10 30338122 30338596
ENSMUSG00000039462 chr10 34113822 34115536
ENSMUSG00000077576 chr10 37805280 37805663
ENSMUSG00000019846 chr10 38606322 38606813
ENSMUSG00000019843 chr10 39011537 39011879
ENSMUSG00000045555 chr10 40402849 40403474
ENSMUSG00000075216 chr10 41923042 41923423
ENSMUSG00000019802 chr10 42481907 42482399
ENSMUSG00000038151 chr10 44249020 44249524
ENSMUSG00000019857 chr10 53315586 53315988
ENSMUSG00000038122 chr10 55856562 55857018
ENSMUSG00000003226 chr10 57909328 57909786
ENSMUSG00000020109 chr10 59350366 59350729
ENSMUSG00000020108 chr10 59413372 59413812
ENSMUSG00000077843 chr10 59692962 59693434
ENSMUSG00000020101 chr10 59817380 59817995
ENSMUSG00000020100 chr10 60224949 60225321
ENSMUSG00000020097 chr10 60609899 60610352
ENSMUSG00000020092 chr10 60837593 60838127
ENSMUSG00000020086 chr10 61325578 61326025
ENSMUSG00000058806 chr10 61356522 61356814
ENSMUSG00000058806 chr10 61435538 61435893
ENSMUSG00000042846 chr10 63552695 63553265
ENSMUSG00000075004 chr10 66398527 66398945
ENSMUSG00000075004 chr10 66465064 66465543
ENSMUSG00000037846 chr10 67446546 67447055
ENSMUSG00000069601 chr10 68998140 68998630
ENSMUSG00000033444 chr10 74675036 74675424
ENSMUSG00000046807 chr10 75013742 75014252
ENSMUSG00000033208 chr10 75720535 75721044
ENSMUSG00000020241 chr10 76070284 76071143
ENSMUSG00000020241 chr10 76071757 76072371
ENSMUSG00000020241 chr10 76073071 76073643
ENSMUSG00000020241 chr10 76096580 76097176
ENSMUSG00000020241 chr10 76111627 76112019
ENSMUSG00000020241 chr10 76127789 76128224
ENSMUSG00000001119 chr10 76177674 76178318
ENSMUSG00000001119 chr10 76179137 76180948
ENSMUSG00000001119 chr10 76183617 76183958
ENSMUSG00000020262 chr10 76881021 76881589
ENSMUSG00000032788 chr10 77921316 77921838
ENSMUSG00000020317 chr10 79047233 79047819
ENSMUSG00000020308 chr10 79132189 79132786
ENSMUSG00000003068 chr10 79580244 79580654
ENSMUSG00000045193 chr10 79621285 79621897
ENSMUSG00000045193 chr10 79626403 79626936
ENSMUSG00000045193 chr10 79627666 79628066
ENSMUSG00000020135 chr10 79757459 79757948
ENSMUSG00000020190 chr10 80139220 80139725
ENSMUSG00000020219 chr10 80362961 80363671
ENSMUSG00000035011 chr10 80598457 80599034
ENSMUSG00000004934 chr10 80624641 80625211
ENSMUSG00000079936 chr10 80874257 80874850
ENSMUSG00000034771 chr10 81035163 81035852



ENSMUSG00000074860 chr10 81106414 81106797
ENSMUSG00000078437 chr10 81233581 81234170
ENSMUSG00000034674 chr10 82093225 82093778
ENSMUSG00000020263 chr10 83071362 83071832
ENSMUSG00000020048 chr10 86168165 86169101
ENSMUSG00000035459 chr10 86546927 86547405
ENSMUSG00000078109 chr10 89335184 89335575
ENSMUSG00000019961 chr10 90631332 90631683
ENSMUSG00000019961 chr10 90633256 90633695
ENSMUSG00000019961 chr10 90703949 90704425
ENSMUSG00000008398 chr10 92824219 92824911
ENSMUSG00000020019 chr10 93129810 93130169
ENSMUSG00000020023 chr10 93956875 93957496
ENSMUSG00000074785 chr10 94415149 94415377
ENSMUSG00000019929 chr10 96838326 96839043
ENSMUSG00000047025 chr10 97132799 97133340
ENSMUSG00000058799 chr10 110910709 110911027
ENSMUSG00000020137 chr10 114821427 114822054
ENSMUSG00000052681 chr10 117284374 117284813
ENSMUSG00000020114 chr10 118677273 118677714
ENSMUSG00000056758 chr10 120019484 120019889
ENSMUSG00000056758 chr10 120047179 120047586
ENSMUSG00000020105 chr10 125402846 125403394
ENSMUSG00000019467 chr10 126626059 126626534
ENSMUSG00000025417 chr10 126665987 126666439
ENSMUSG00000025409 chr10 126721851 126722327
ENSMUSG00000040249 chr10 127052421 127052925
ENSMUSG00000040043 chr10 127588045 127588347
ENSMUSG00000005683 chr10 127774816 127775159
ENSMUSG00000039810 chr10 127984646 127985265
ENSMUSG00000018166 chr10 128021907 128022336
ENSMUSG00000047090 chr10 128240853 128241456
ENSMUSG00000045559 chr10 129665366 129665644
ENSMUSG00000048807 chr11 3812847 3813486
ENSMUSG00000034412 chr11 4097645 4098316
ENSMUSG00000034164 chr11 5028676 5029313
ENSMUSG00000020393 chr11 5190149 5190710
ENSMUSG00000083108 chr11 5550562 5551022
ENSMUSG00000020473 chr11 5762747 5763296
ENSMUSG00000057897 chr11 5970839 5971475
ENSMUSG00000057897 chr11 5971612 5972156
ENSMUSG00000083553 chr11 8415332 8415643
ENSMUSG00000020422 chr11 8429849 8430346
ENSMUSG00000020422 chr11 8439647 8440688
ENSMUSG00000035455 chr11 11726920 11727358
ENSMUSG00000020173 chr11 12364121 12364619
ENSMUSG00000020122 chr11 16666371 16666879
ENSMUSG00000044966 chr11 16835612 16836074
ENSMUSG00000000581 chr11 17157361 17157888
ENSMUSG00000044066 chr11 20129252 20129733
ENSMUSG00000084252 chr11 20572331 20572981
ENSMUSG00000051650 chr11 22759739 22760262
ENSMUSG00000007739 chr11 22890337 22890755
ENSMUSG00000032673 chr11 29414508 29414940
ENSMUSG00000020287 chr11 32124516 32125017
ENSMUSG00000020272 chr11 32484998 32485466
ENSMUSG00000081254 chr11 32807358 32807811
ENSMUSG00000082587 chr11 37801903 37802138



ENSMUSG00000083806 chr11 39760820 39761293
ENSMUSG00000044847 chr11 45757757 45758164
ENSMUSG00000020411 chr11 45977226 45977674
ENSMUSG00000036644 chr11 49959516 49960100
ENSMUSG00000007850 chr11 50190428 50191009
ENSMUSG00000036545 chr11 50415728 50416584
ENSMUSG00000036545 chr11 50440791 50441159
ENSMUSG00000020359 chr11 51382775 51383232
ENSMUSG00000020359 chr11 51384410 51384890
ENSMUSG00000007777 chr11 51515576 51515855
ENSMUSG00000020387 chr11 51706692 51707143
ENSMUSG00000018899 chr11 53575239 53575764
ENSMUSG00000018899 chr11 53583523 53583945
ENSMUSG00000035992 chr11 54253287 54253834
ENSMUSG00000018340 chr11 54853085 54853647
ENSMUSG00000082257 chr11 55203027 55204471
ENSMUSG00000018593 chr11 55241547 55242054
ENSMUSG00000020519 chr11 57614205 57614979
ENSMUSG00000020515 chr11 57917980 57918374
ENSMUSG00000037243 chr11 58115221 58115693
ENSMUSG00000049755 chr11 58136685 58137371
ENSMUSG00000020496 chr11 58752108 58752700
ENSMUSG00000009900 chr11 59107059 59107591
ENSMUSG00000082148 chr11 60115336 60115779
ENSMUSG00000020536 chr11 60512718 60513421
ENSMUSG00000002814 chr11 60590584 60591081
ENSMUSG00000043284 chr11 60692219 60692849
ENSMUSG00000042506 chr11 60988940 60989226
ENSMUSG00000001036 chr11 61413713 61414192
ENSMUSG00000083212 chr11 61833992 61834785
ENSMUSG00000042200 chr11 62780337 62781111
ENSMUSG00000020542 chr11 65200031 65200507
ENSMUSG00000077908 chr11 68178055 68178578
ENSMUSG00000020897 chr11 68858971 68859458
ENSMUSG00000059278 chr11 69209131 69209935
ENSMUSG00000018476 chr11 69228704 69229039
ENSMUSG00000005237 chr11 69361707 69362244
ENSMUSG00000018752 chr11 69508948 69509302
ENSMUSG00000047284 chr11 69716003 69716380
ENSMUSG00000018293 chr11 70466696 70467078
ENSMUSG00000018446 chr11 70796218 70797099
ENSMUSG00000077456 chr11 71683350 71684037
ENSMUSG00000020794 chr11 72419928 72420357
ENSMUSG00000038351 chr11 74710741 74711128
ENSMUSG00000020850 chr11 75300290 75300780
ENSMUSG00000020847 chr11 75779852 75780228
ENSMUSG00000080763 chr11 76285966 76286426
ENSMUSG00000037857 chr11 77499247 77499591
ENSMUSG00000017453 chr11 77711917 77712413
ENSMUSG00000002058 chr11 78157394 78157732
ENSMUSG00000017686 chr11 80022645 80023199
ENSMUSG00000035441 chr11 80470151 80470760
ENSMUSG00000020702 chr11 82008438 82008874
ENSMUSG00000020696 chr11 82670399 82670918
ENSMUSG00000018068 chr11 86070735 86071306
ENSMUSG00000047126 chr11 86570923 86571301
ENSMUSG00000023723 chr11 87977704 87978791
ENSMUSG00000023723 chr11 87979085 87979444



ENSMUSG00000023723 chr11 87993783 87994139
ENSMUSG00000023723 chr11 87994176 87994572
ENSMUSG00000034031 chr11 88105291 88105595
ENSMUSG00000078718 chr11 90216290 90217281
ENSMUSG00000037573 chr11 94022625 94023112
ENSMUSG00000020864 chr11 94189391 94189936
ENSMUSG00000064512 chr11 94776955 94777507
ENSMUSG00000001506 chr11 94798834 94812998
ENSMUSG00000038994 chr11 94813180 94813960
ENSMUSG00000038994 chr11 94814632 94815147
ENSMUSG00000038994 chr11 94815592 94817189
ENSMUSG00000038994 chr11 94818806 94819245
ENSMUSG00000038976 chr11 94855156 94855795
ENSMUSG00000020871 chr11 95007357 95007780
ENSMUSG00000000120 chr11 95434314 95434699
ENSMUSG00000075595 chr11 95574680 95575111
ENSMUSG00000050860 chr11 95669603 95670099
ENSMUSG00000018381 chr11 95718606 95719123
ENSMUSG00000018381 chr11 95720301 95720763
ENSMUSG00000047653 chr11 95824491 95824951
ENSMUSG00000013415 chr11 95868559 95869006
ENSMUSG00000056648 chr11 96138911 96139306
ENSMUSG00000018678 chr11 96854378 96854948
ENSMUSG00000049807 chr11 97301831 97302278
ENSMUSG00000018537 chr11 97556959 97557448
ENSMUSG00000038366 chr11 97662103 97662564
ENSMUSG00000017195 chr11 98412139 98412563
ENSMUSG00000017221 chr11 98544127 98544757
ENSMUSG00000037992 chr11 98793958 98794334
ENSMUSG00000037992 chr11 98797868 98798374
ENSMUSG00000064491 chr11 98802138 98802482
ENSMUSG00000035592 chr11 99873033 99873637
ENSMUSG00000057723 chr11 99885975 99886480
ENSMUSG00000043485 chr11 99899352 99899936
ENSMUSG00000048981 chr11 99908697 99909319
ENSMUSG00000048013 chr11 99954044 99954600
ENSMUSG00000053654 chr11 100151659 100152002
ENSMUSG00000006931 chr11 100275517 100276243
ENSMUSG00000019173 chr11 100599435 100599997
ENSMUSG00000004044 chr11 100830183 100830523
ENSMUSG00000004044 chr11 100831209 100831670
ENSMUSG00000001751 chr11 100930908 100931630
ENSMUSG00000035198 chr11 100981908 100982470
ENSMUSG00000059995 chr11 102158370 102159037
ENSMUSG00000034664 chr11 102328496 102328933
ENSMUSG00000050288 chr11 102467309 102467676
ENSMUSG00000020936 chr11 102919883 102920427
ENSMUSG00000048878 chr11 102976586 102977021
ENSMUSG00000020681 chr11 105835769 105836326
ENSMUSG00000040481 chr11 106992620 106992878
ENSMUSG00000077836 chr11 113061892 113062239
ENSMUSG00000034706 chr11 114586127 114586808
ENSMUSG00000034586 chr11 115219699 115220271
ENSMUSG00000084277 chr11 115527994 115528425
ENSMUSG00000020773 chr11 115971238 115971686
ENSMUSG00000020806 chr11 116482470 116482931
ENSMUSG00000075410 chr11 116513531 116514026
ENSMUSG00000020810 chr11 116518938 116519661



ENSMUSG00000059248 chr11 117094292 117095241
ENSMUSG00000059248 chr11 117117237 117117912
ENSMUSG00000054418 chr11 117418535 117419063
ENSMUSG00000082562 chr11 117773939 117774396
ENSMUSG00000053113 chr11 117829324 117830087
ENSMUSG00000033909 chr11 118151154 118151747
ENSMUSG00000076433 chr11 118207269 118207691
ENSMUSG00000017466 chr11 118214665 118215153
ENSMUSG00000025577 chr11 118884412 118884868
ENSMUSG00000025578 chr11 118914527 118914878
ENSMUSG00000025372 chr11 119810111 119810564
ENSMUSG00000025379 chr11 120012409 120012760
ENSMUSG00000056649 chr11 120047259 120047796
ENSMUSG00000075389 chr11 120051280 120051788
ENSMUSG00000039741 chr11 120112151 120112743
ENSMUSG00000039741 chr11 120113730 120114315
ENSMUSG00000062825 chr11 120207900 120209267
ENSMUSG00000062825 chr11 120209310 120209853
ENSMUSG00000039450 chr11 120588121 120588609
ENSMUSG00000025153 chr11 120685676 120686086
ENSMUSG00000025173 chr11 121215498 121215908
ENSMUSG00000025173 chr11 121216175 121216640
ENSMUSG00000020635 chr12 4848260 4848851
ENSMUSG00000054459 chr12 11392222 11392542
ENSMUSG00000073228 chr12 13280784 13281106
ENSMUSG00000020580 chr12 16877752 16878238
ENSMUSG00000061458 chr12 17345197 17345666
ENSMUSG00000020649 chr12 25393126 25393499
ENSMUSG00000020674 chr12 30596538 30597020
ENSMUSG00000002900 chr12 31954430 31954864
ENSMUSG00000020659 chr12 32184282 32185026
ENSMUSG00000056899 chr12 41514879 41515334
ENSMUSG00000054302 chr12 55796272 55796767
ENSMUSG00000079104 chr12 58331383 58331890
ENSMUSG00000020993 chr12 60162163 60162626
ENSMUSG00000048285 chr12 71899374 71899845
ENSMUSG00000056359 chr12 74563014 74563362
ENSMUSG00000052609 chr12 77634024 77634574
ENSMUSG00000021114 chr12 79962168 79962790
ENSMUSG00000021127 chr12 81212616 81213027
ENSMUSG00000015143 chr12 81361234 81361610
ENSMUSG00000065115 chr12 81978997 81979346
ENSMUSG00000021136 chr12 82200180 82200601
ENSMUSG00000042700 chr12 83348784 83349101
ENSMUSG00000021245 chr12 86603455 86603795
ENSMUSG00000034168 chr12 88223732 88224300
ENSMUSG00000034157 chr12 88287921 88288324
ENSMUSG00000033713 chr12 100770388 100770879
ENSMUSG00000021070 chr12 106737357 106737912
ENSMUSG00000072840 chr12 109492899 109493187
ENSMUSG00000021265 chr12 110070454 110070894
ENSMUSG00000078977 chr12 111619143 111619596
ENSMUSG00000018707 chr12 111840975 111841463
ENSMUSG00000037896 chr12 112278202 112278476
ENSMUSG00000021277 chr12 112406052 112406401
ENSMUSG00000037679 chr12 113831357 113831770
ENSMUSG00000021144 chr12 114338713 114339337
ENSMUSG00000006356 chr12 114376781 114377242



ENSMUSG00000042050 chr12 117501009 117501523
ENSMUSG00000021171 chr12 117518950 117519449
ENSMUSG00000021147 chr13 8869809 8870358
ENSMUSG00000057069 chr13 12669214 12669686
ENSMUSG00000070172 chr13 16852838 16853136
ENSMUSG00000022228 chr13 21545161 21545918
ENSMUSG00000060832 chr13 21826900 21827449
ENSMUSG00000052565 chr13 23646975 23647544
ENSMUSG00000036181 chr13 23830778 23831294
ENSMUSG00000021337 chr13 24114254 24114767
ENSMUSG00000021357 chr13 31065318 31066153
ENSMUSG00000021400 chr13 32893415 32893869
ENSMUSG00000021411 chr13 34720602 34721071
ENSMUSG00000039087 chr13 37808159 37808555
ENSMUSG00000038982 chr13 38694870 38695362
ENSMUSG00000021359 chr13 40825050 40825421
ENSMUSG00000021364 chr13 41344687 41345301
ENSMUSG00000046876 chr13 45878617 45879113
ENSMUSG00000021379 chr13 48357289 48357853
ENSMUSG00000038025 chr13 48967509 48967957
ENSMUSG00000037960 chr13 49309007 49309569
ENSMUSG00000021448 chr13 51692476 51692782
ENSMUSG00000021464 chr13 53252561 53252954
ENSMUSG00000021464 chr13 53411740 53412336
ENSMUSG00000034928 chr13 54795624 54796089
ENSMUSG00000005320 chr13 55269105 55269605
ENSMUSG00000021488 chr13 55290881 55291335
ENSMUSG00000021485 chr13 55430565 55431033
ENSMUSG00000034675 chr13 55584628 55585268
ENSMUSG00000021493 chr13 55612159 55612831
ENSMUSG00000035367 chr13 58501748 58502363
ENSMUSG00000065599 chr13 63343000 63343337
ENSMUSG00000065599 chr13 63362203 63362712
ENSMUSG00000065599 chr13 63389380 63389835
ENSMUSG00000021466 chr13 63753442 63753880
ENSMUSG00000001504 chr13 72764989 72765456
ENSMUSG00000021608 chr13 73558195 73558648
ENSMUSG00000021608 chr13 73595806 73596303
ENSMUSG00000021579 chr13 74501082 74501527
ENSMUSG00000021591 chr13 75970987 75971362
ENSMUSG00000021619 chr13 91312822 91313311
ENSMUSG00000021619 chr13 91313319 91314090
ENSMUSG00000021619 chr13 91314554 91315073
ENSMUSG00000021619 chr13 91363574 91363838
ENSMUSG00000014850 chr13 93127423 93127767
ENSMUSG00000021684 chr13 95994371 95994820
ENSMUSG00000048376 chr13 96426558 96426987
ENSMUSG00000021670 chr13 97434883 97435334
ENSMUSG00000021662 chr13 98976396 98976727
ENSMUSG00000021709 chr13 104709227 104709589
ENSMUSG00000049233 chr13 108274330 108274765
ENSMUSG00000032846 chr13 108615109 108615677
ENSMUSG00000021699 chr13 109316757 109317247
ENSMUSG00000067122 chr13 112368142 112368658
ENSMUSG00000021754 chr13 112583109 112583476
ENSMUSG00000021754 chr13 112599325 112599644
ENSMUSG00000016018 chr13 113717439 113717853
ENSMUSG00000057445 chr14 6011829 6012202



ENSMUSG00000079370 chr14 6354730 6355134
ENSMUSG00000021785 chr14 17081605 17082128
ENSMUSG00000021809 chr14 21113530 21114137
ENSMUSG00000039357 chr14 21514401 21514723
ENSMUSG00000021819 chr14 21526233 21526684
ENSMUSG00000021820 chr14 21611011 21611441
ENSMUSG00000021767 chr14 22343149 22344094
ENSMUSG00000007817 chr14 26277479 26277974
ENSMUSG00000057293 chr14 26554480 26555061
ENSMUSG00000057293 chr14 26569090 26569595
ENSMUSG00000072678 chr14 26758336 26758893
ENSMUSG00000072676 chr14 26898211 26898661
ENSMUSG00000040760 chr14 27782959 27783314
ENSMUSG00000021962 chr14 31292796 31293159
ENSMUSG00000006522 chr14 31744110 31744666
ENSMUSG00000021892 chr14 32249110 32249626
ENSMUSG00000041408 chr14 35486660 35487048
ENSMUSG00000037833 chr14 41730959 41731654
ENSMUSG00000021795 chr14 41989653 41989909
ENSMUSG00000036339 chr14 49066264 49066761
ENSMUSG00000049295 chr14 52638890 52639584
ENSMUSG00000053754 chr14 52876881 52877633
ENSMUSG00000021982 chr14 60216533 60217138
ENSMUSG00000021928 chr14 61979000 61979399
ENSMUSG00000021929 chr14 62058569 62059021
ENSMUSG00000065459 chr14 62300899 62301225
ENSMUSG00000060012 chr14 65270931 65271351
ENSMUSG00000055404 chr14 66539602 66540202
ENSMUSG00000022040 chr14 66730557 66731099
ENSMUSG00000022043 chr14 66915863 66916531
ENSMUSG00000022052 chr14 67739100 67739698
ENSMUSG00000022091 chr14 70604806 70605288
ENSMUSG00000047911 chr14 71096215 71096508
ENSMUSG00000022105 chr14 73725921 73726362
ENSMUSG00000021996 chr14 75132101 75132636
ENSMUSG00000065799 chr14 76384803 76385479
ENSMUSG00000022010 chr14 76815964 76816450
ENSMUSG00000052584 chr14 77161705 77162065
ENSMUSG00000034795 chr14 77483412 77484017
ENSMUSG00000022025 chr14 80060763 80061516
ENSMUSG00000033166 chr14 99543240 99543822
ENSMUSG00000063410 chr14 121777453 121777682
ENSMUSG00000022148 chr15 6514983 6515537
ENSMUSG00000022148 chr15 6529892 6530356
ENSMUSG00000048424 chr15 8824827 8825337
ENSMUSG00000022253 chr15 8968544 8968986
ENSMUSG00000022246 chr15 10609388 10609999
ENSMUSG00000058914 chr15 10887609 10888042
ENSMUSG00000047497 chr15 11047856 11048315
ENSMUSG00000047497 chr15 11132749 11133250
ENSMUSG00000022200 chr15 12251364 12252074
ENSMUSG00000022261 chr15 32708374 32708866
ENSMUSG00000039007 chr15 33151398 33151964
ENSMUSG00000058600 chr15 34372586 34372992
ENSMUSG00000022283 chr15 36539163 36539426
ENSMUSG00000022312 chr15 51686574 51686813
ENSMUSG00000022371 chr15 55141908 55142468
ENSMUSG00000049155 chr15 55303083 55303438



ENSMUSG00000049155 chr15 55328762 55329365
ENSMUSG00000051225 chr15 57807810 57808401
ENSMUSG00000022360 chr15 57966413 57966865
ENSMUSG00000032501 chr15 59374847 59375329
ENSMUSG00000072566 chr15 61875316 61875667
ENSMUSG00000072566 chr15 61956632 61956955
ENSMUSG00000056590 chr15 62400520 62401173
ENSMUSG00000053469 chr15 66507128 66507550
ENSMUSG00000005124 chr15 66723402 66725267
ENSMUSG00000005124 chr15 66731009 66731540
ENSMUSG00000013846 chr15 67006775 67007340
ENSMUSG00000045567 chr15 71638214 71638661
ENSMUSG00000045567 chr15 71678690 71679168
ENSMUSG00000079022 chr15 71720745 71721241
ENSMUSG00000079022 chr15 71728107 71728637
ENSMUSG00000036661 chr15 73366085 73366552
ENSMUSG00000084493 chr15 73555533 73555971
ENSMUSG00000034730 chr15 74326141 74326562
ENSMUSG00000044276 chr15 74539366 74540255
ENSMUSG00000022579 chr15 75412162 75412797
ENSMUSG00000022574 chr15 75724442 75724787
ENSMUSG00000022570 chr15 75760164 75760522
ENSMUSG00000022568 chr15 75899332 75899859
ENSMUSG00000022568 chr15 75900002 75900510
ENSMUSG00000022565 chr15 76018985 76019402
ENSMUSG00000022565 chr15 76036397 76036813
ENSMUSG00000033565 chr15 77160139 77160587
ENSMUSG00000049521 chr15 78673650 78674082
ENSMUSG00000049521 chr15 78678942 78679436
ENSMUSG00000033088 chr15 78772994 78773479
ENSMUSG00000075558 chr15 78826366 78826851
ENSMUSG00000075558 chr15 78831830 78832272
ENSMUSG00000022428 chr15 79489482 79490081
ENSMUSG00000042428 chr15 79991159 79991701
ENSMUSG00000047888 chr15 80534721 80535165
ENSMUSG00000022407 chr15 80680339 80680690
ENSMUSG00000042292 chr15 80917150 80917777
ENSMUSG00000022390 chr15 81576280 81576777
ENSMUSG00000022389 chr15 81632416 81633439
ENSMUSG00000068086 chr15 82285159 82285577
ENSMUSG00000058099 chr15 82839093 82839626
ENSMUSG00000016664 chr15 83302013 83302522
ENSMUSG00000041736 chr15 83396451 83396980
ENSMUSG00000036106 chr15 84472296 84472952
ENSMUSG00000016624 chr15 84686704 84687124
ENSMUSG00000036046 chr15 84806061 84806691
ENSMUSG00000065608 chr15 85483885 85484404
ENSMUSG00000065608 chr15 85501104 85501622
ENSMUSG00000065608 chr15 85508654 85509452
ENSMUSG00000065608 chr15 85533755 85534189
ENSMUSG00000016028 chr15 85869135 85869702
ENSMUSG00000035900 chr15 85899755 85900159
ENSMUSG00000034333 chr15 88582570 88582987
ENSMUSG00000035757 chr15 88919073 88919547
ENSMUSG00000022615 chr15 89203766 89204214
ENSMUSG00000036298 chr15 91450102 91450475
ENSMUSG00000036167 chr15 93293062 93293325
ENSMUSG00000044250 chr15 97134435 97134985



ENSMUSG00000022479 chr15 97745176 97745704
ENSMUSG00000052369 chr15 97780073 97780566
ENSMUSG00000022483 chr15 97814599 97815451
ENSMUSG00000022483 chr15 97815462 97816055
ENSMUSG00000022483 chr15 97816971 97817499
ENSMUSG00000022483 chr15 97817669 97818880
ENSMUSG00000022483 chr15 97818886 97820093
ENSMUSG00000022483 chr15 97821092 97821653
ENSMUSG00000022483 chr15 97825093 97825615
ENSMUSG00000022483 chr15 97826329 97826767
ENSMUSG00000022483 chr15 97826784 97827284
ENSMUSG00000022483 chr15 97828474 97829275
ENSMUSG00000003360 chr15 98493122 98493638
ENSMUSG00000022996 chr15 98607668 98608151
ENSMUSG00000043091 chr15 98862845 98863365
ENSMUSG00000001076 chr15 98918703 98919267
ENSMUSG00000023011 chr15 99343785 99344361
ENSMUSG00000043144 chr15 99428191 99428738
ENSMUSG00000037438 chr15 99733612 99734044
ENSMUSG00000000531 chr15 101051758 101052333
ENSMUSG00000075408 chr15 101124163 101124678
ENSMUSG00000037003 chr15 101936337 101936845
ENSMUSG00000023045 chr15 101980830 101981429
ENSMUSG00000076009 chr15 102502714 102503190
ENSMUSG00000000555 chr15 103196319 103196611
ENSMUSG00000022516 chr16 4912980 4913507
ENSMUSG00000022710 chr16 8723125 8723666
ENSMUSG00000038037 chr16 10782967 10783434
ENSMUSG00000037991 chr16 10843819 10844324
ENSMUSG00000082653 chr16 11618400 11618817
ENSMUSG00000022681 chr16 13818989 13819306
ENSMUSG00000013539 chr16 18345375 18345882
ENSMUSG00000041215 chr16 20141192 20141787
ENSMUSG00000003233 chr16 20516869 20517330
ENSMUSG00000013089 chr16 22428930 22429514
ENSMUSG00000013089 chr16 22439198 22439671
ENSMUSG00000084511 chr16 22547870 22548533
ENSMUSG00000022861 chr16 22661138 22661600
ENSMUSG00000038148 chr16 26447824 26448271
ENSMUSG00000047434 chr16 31017543 31017945
ENSMUSG00000022770 chr16 31551853 31552205
ENSMUSG00000022791 chr16 32644716 32645365
ENSMUSG00000035629 chr16 32867768 32868657
ENSMUSG00000022814 chr16 34181629 34182141
ENSMUSG00000022814 chr16 34212992 34213616
ENSMUSG00000061751 chr16 34562712 34563159
ENSMUSG00000022832 chr16 34628740 34629025
ENSMUSG00000022820 chr16 37689818 37690373
ENSMUSG00000036279 chr16 43549398 43550037
ENSMUSG00000052459 chr16 44136655 44137229
ENSMUSG00000022687 chr16 44523195 44523757
ENSMUSG00000022748 chr16 57627437 57628785
ENSMUSG00000022724 chr16 59471651 59471993
ENSMUSG00000032932 chr16 75767837 75768303
ENSMUSG00000022889 chr16 84735747 84736177
ENSMUSG00000056706 chr16 89586423 89586886
ENSMUSG00000022978 chr16 90730384 90730651
ENSMUSG00000039680 chr16 92105551 92106032



ENSMUSG00000022952 chr16 92778273 92778774
ENSMUSG00000076457 chr16 93299984 93300389
ENSMUSG00000022948 chr16 93604108 93604764
ENSMUSG00000040732 chr16 95794693 95795083
ENSMUSG00000084679 chr16 96826672 96827211
ENSMUSG00000050272 chr16 97218938 97219234
ENSMUSG00000014039 chr16 98073302 98074013
ENSMUSG00000023916 chr17 3224422 3224873
ENSMUSG00000023800 chr17 3398328 3398992
ENSMUSG00000023805 chr17 5975303 5975746
ENSMUSG00000023809 chr17 7374314 7374991
ENSMUSG00000071322 chr17 7465602 7466159
ENSMUSG00000023827 chr17 12311444 12312259
ENSMUSG00000014426 chr17 12511601 12512148
ENSMUSG00000023886 chr17 14416100 14416504
ENSMUSG00000046390 chr17 14683133 14683611
ENSMUSG00000079707 chr17 15209272 15209894
ENSMUSG00000051341 chr17 21669507 21670015
ENSMUSG00000041319 chr17 23810163 23810846
ENSMUSG00000002496 chr17 24769535 24769878
ENSMUSG00000024163 chr17 25073138 25073879
ENSMUSG00000025731 chr17 26011200 26011545
ENSMUSG00000037326 chr17 26122511 26123363
ENSMUSG00000057789 chr17 27172065 27172696
ENSMUSG00000042644 chr17 27188757 27189288
ENSMUSG00000042644 chr17 27211356 27211874
ENSMUSG00000042644 chr17 27212022 27212581
ENSMUSG00000024210 chr17 27316587 27317282
ENSMUSG00000044857 chr17 27382881 27383384
ENSMUSG00000052146 chr17 27774568 27774902
ENSMUSG00000024219 chr17 28082523 28083066
ENSMUSG00000038677 chr17 28286199 28286724
ENSMUSG00000024220 chr17 28313974 28314618
ENSMUSG00000002250 chr17 28360539 28360981
ENSMUSG00000002250 chr17 28372913 28374336
ENSMUSG00000007570 chr17 28451839 28452131
ENSMUSG00000053436 chr17 28827607 28828103
ENSMUSG00000053436 chr17 28828611 28829344
ENSMUSG00000073428 chr17 29168702 29169262
ENSMUSG00000044477 chr17 30294029 30294438
ENSMUSG00000052388 chr17 30472748 30473132
ENSMUSG00000024026 chr17 30746480 30746957
ENSMUSG00000024026 chr17 30749237 30749853
ENSMUSG00000061613 chr17 31795605 31796360
ENSMUSG00000061126 chr17 32611607 32612166
ENSMUSG00000057254 chr17 33034026 33034376
ENSMUSG00000024299 chr17 33662188 33662449
ENSMUSG00000002307 chr17 34046844 34047375
ENSMUSG00000073422 chr17 34164848 34165405
ENSMUSG00000024330 chr17 34189257 34189653
ENSMUSG00000024330 chr17 34189934 34190512
ENSMUSG00000024330 chr17 34190907 34191491
ENSMUSG00000024330 chr17 34194054 34194400
ENSMUSG00000024330 chr17 34194615 34196923
ENSMUSG00000024330 chr17 34199869 34200328
ENSMUSG00000024330 chr17 34200432 34201106
ENSMUSG00000024335 chr17 34258129 34258949
ENSMUSG00000015468 chr17 34705384 34705797



ENSMUSG00000059714 chr17 35966709 35967157
ENSMUSG00000001525 chr17 35971847 35972858
ENSMUSG00000038500 chr17 36133926 36134274
ENSMUSG00000045409 chr17 36407616 36408164
ENSMUSG00000036214 chr17 37096147 37096659
ENSMUSG00000041293 chr17 43389548 43389963
ENSMUSG00000023912 chr17 43803693 43804075
ENSMUSG00000023935 chr17 45611651 45612208
ENSMUSG00000023947 chr17 45693619 45694273
ENSMUSG00000023942 chr17 45732522 45732995
ENSMUSG00000036026 chr17 45822490 45823142
ENSMUSG00000023951 chr17 46166004 46166530
ENSMUSG00000012296 chr17 46407344 46407885
ENSMUSG00000012296 chr17 46417698 46418112
ENSMUSG00000073390 chr17 46481299 46481777
ENSMUSG00000067093 chr17 53429918 53430459
ENSMUSG00000057835 chr17 56017899 56018459
ENSMUSG00000003198 chr17 56031202 56031838
ENSMUSG00000062101 chr17 56084194 56085083
ENSMUSG00000013236 chr17 56598527 56599390
ENSMUSG00000040828 chr17 56795537 56796074
ENSMUSG00000002372 chr17 56808093 56808627
ENSMUSG00000024206 chr17 56970612 56971264
ENSMUSG00000061950 chr17 66135534 66136098
ENSMUSG00000024096 chr17 66234789 66235392
ENSMUSG00000034647 chr17 66410654 66411187
ENSMUSG00000073376 chr17 66707010 66707763
ENSMUSG00000024043 chr17 68439987 68440500
ENSMUSG00000024044 chr17 69515104 69515784
ENSMUSG00000047407 chr17 71196397 71196767
ENSMUSG00000024048 chr17 71349540 71349992
ENSMUSG00000024052 chr17 71532525 71532948
ENSMUSG00000041057 chr17 71947230 71948395
ENSMUSG00000039770 chr17 73147179 73147713
ENSMUSG00000024067 chr17 74715665 74716118
ENSMUSG00000024078 chr17 75244784 75245402
ENSMUSG00000037064 chr17 78617497 78618115
ENSMUSG00000056121 chr17 78787036 78787464
ENSMUSG00000024077 chr17 79135721 79136395
ENSMUSG00000024077 chr17 79169488 79170077
ENSMUSG00000024070 chr17 79420195 79420809
ENSMUSG00000024087 chr17 80181117 80181588
ENSMUSG00000024242 chr17 81110482 81110902
ENSMUSG00000079333 chr17 81814313 81814875
ENSMUSG00000024247 chr17 83301496 83303182
ENSMUSG00000032624 chr17 83719417 83719840
ENSMUSG00000065732 chr17 84706030 84706523
ENSMUSG00000065156 chr17 84763953 84764461
ENSMUSG00000065319 chr17 84985100 84985946
ENSMUSG00000024253 chr17 85026164 85026729
ENSMUSG00000036918 chr17 87682356 87682929
ENSMUSG00000036918 chr17 87714198 87714844
ENSMUSG00000036438 chr17 87872588 87873573
ENSMUSG00000061013 chr18 7004416 7005159
ENSMUSG00000073638 chr18 7404073 7404902
ENSMUSG00000037769 chr18 8695365 8695782
ENSMUSG00000073635 chr18 9858388 9859160
ENSMUSG00000024290 chr18 10181106 10181679



ENSMUSG00000024404 chr18 12287288 12287611
ENSMUSG00000024430 chr18 12884662 12885134
ENSMUSG00000024420 chr18 14130812 14131210
ENSMUSG00000036225 chr18 15295489 15296000
ENSMUSG00000024380 chr18 32719464 32719825
ENSMUSG00000034300 chr18 34922043 34922477
ENSMUSG00000024360 chr18 35090920 35091313
ENSMUSG00000043991 chr18 36440541 36440910
ENSMUSG00000001379 chr18 36838788 36839334
ENSMUSG00000024456 chr18 38088403 38088930
ENSMUSG00000056742 chr18 39704232 39704637
ENSMUSG00000024477 chr18 46439989 46440522
ENSMUSG00000037416 chr18 49991797 49992433
ENSMUSG00000024507 chr18 50308974 50309478
ENSMUSG00000024600 chr18 58715937 58716276
ENSMUSG00000043079 chr18 60772873 60773266
ENSMUSG00000043079 chr18 60805930 60806412
ENSMUSG00000024622 chr18 61314764 61315322
ENSMUSG00000024516 chr18 65926630 65927312
ENSMUSG00000053477 chr18 69707153 69707698
ENSMUSG00000024513 chr18 70760702 70761332
ENSMUSG00000024556 chr18 73974817 73975660
ENSMUSG00000035765 chr18 75178329 75179061
ENSMUSG00000025880 chr18 75545692 75546095
ENSMUSG00000052928 chr18 75856150 75856629
ENSMUSG00000052928 chr18 75857261 75857728
ENSMUSG00000052928 chr18 75896727 75897176
ENSMUSG00000079589 chr18 76256721 76257175
ENSMUSG00000059336 chr18 78359808 78360239
ENSMUSG00000024552 chr18 78435178 78435806
ENSMUSG00000053950 chr18 80331673 80332104
ENSMUSG00000033323 chr18 80748731 80749248
ENSMUSG00000033016 chr18 80867261 80867725
ENSMUSG00000033016 chr18 80904953 80905360
ENSMUSG00000044356 chr18 84758855 84759231
ENSMUSG00000073517 chr18 84889697 84890128
ENSMUSG00000023066 chr18 89140951 89141393
ENSMUSG00000024831 chr19 3282614 3283176
ENSMUSG00000024908 chr19 3600531 3600934
ENSMUSG00000024913 chr19 3681397 3681959
ENSMUSG00000045098 chr19 3767326 3767790
ENSMUSG00000001750 chr19 3907203 3907790
ENSMUSG00000037916 chr19 4012642 4013171
ENSMUSG00000024845 chr19 4126688 4127110
ENSMUSG00000045826 chr19 4154084 4154597
ENSMUSG00000024830 chr19 4163198 4163596
ENSMUSG00000006464 chr19 4895259 4895633
ENSMUSG00000024891 chr19 5023637 5024051
ENSMUSG00000075264 chr19 5117287 5117772
ENSMUSG00000024912 chr19 5444413 5445799
ENSMUSG00000024909 chr19 5475347 5475932
ENSMUSG00000054874 chr19 5684490 5684990
ENSMUSG00000024941 chr19 5800727 5801521
ENSMUSG00000024941 chr19 5801953 5802329
ENSMUSG00000043488 chr19 5843477 5844673
ENSMUSG00000043488 chr19 5844752 5845641
ENSMUSG00000024807 chr19 6047448 6047847
ENSMUSG00000024790 chr19 6116671 6117153



ENSMUSG00000024786 chr19 6181733 6182065
ENSMUSG00000079467 chr19 6364461 6365134
ENSMUSG00000024952 chr19 6915111 6915577
ENSMUSG00000024952 chr19 6922206 6923016
ENSMUSG00000056612 chr19 7050217 7050692
ENSMUSG00000036278 chr19 7156069 7156671
ENSMUSG00000047787 chr19 7205710 7206165
ENSMUSG00000024767 chr19 7281194 7281644
ENSMUSG00000024759 chr19 7568575 7569027
ENSMUSG00000069833 chr19 9062907 9063666
ENSMUSG00000069833 chr19 9064792 9065258
ENSMUSG00000069833 chr19 9066881 9067561
ENSMUSG00000024740 chr19 10680440 10681014
ENSMUSG00000039982 chr19 12575926 12576290
ENSMUSG00000039982 chr19 12592827 12593080
ENSMUSG00000039126 chr19 17217774 17218309
ENSMUSG00000024750 chr19 21346280 21346824
ENSMUSG00000024754 chr19 21824870 21825233
ENSMUSG00000024754 chr19 21852991 21853643
ENSMUSG00000024754 chr19 21861671 21862176
ENSMUSG00000052942 chr19 28702529 28702961
ENSMUSG00000024785 chr19 29186855 29187453
ENSMUSG00000024887 chr19 32284952 32285712
ENSMUSG00000067297 chr19 34715193 34715735
ENSMUSG00000033519 chr19 34952384 34952898
ENSMUSG00000024803 chr19 36288297 36288671
ENSMUSG00000048612 chr19 38102353 38102884
ENSMUSG00000054200 chr19 38175037 38175531
ENSMUSG00000025001 chr19 39004545 39005372
ENSMUSG00000025008 chr19 40686372 40686972
ENSMUSG00000025016 chr19 41334997 41335654
ENSMUSG00000034321 chr19 42007551 42007985
ENSMUSG00000044345 chr19 42221641 42222092
ENSMUSG00000025185 chr19 42694689 42695186
ENSMUSG00000074852 chr19 43433176 43433720
ENSMUSG00000045472 chr19 46592427 46592808
ENSMUSG00000025036 chr19 46648246 46648621
ENSMUSG00000033033 chr19 47211287 47211776
ENSMUSG00000025064 chr19 47722324 47722881
ENSMUSG00000025064 chr19 47723304 47724092
ENSMUSG00000025064 chr19 47724170 47724999
ENSMUSG00000025064 chr19 47725107 47725591
ENSMUSG00000025064 chr19 47726447 47726950
ENSMUSG00000025064 chr19 47727549 47728156
ENSMUSG00000025064 chr19 47731259 47731777
ENSMUSG00000025064 chr19 47734169 47734674
ENSMUSG00000025064 chr19 47734996 47735553
ENSMUSG00000046585 chr19 48012316 48012908
ENSMUSG00000033717 chr19 54118846 54119603
ENSMUSG00000074769 chr19 56096801 56097654
ENSMUSG00000025075 chr19 56362782 56363314
ENSMUSG00000035283 chr19 56753861 56754837
ENSMUSG00000078103 chr19 57115547 57116352
ENSMUSG00000025085 chr19 57271932 57272358
ENSMUSG00000033478 chr19 57456015 57456575
ENSMUSG00000024993 chr19 60887285 60887640
ENSMUSG00000026662 chr2 4801890 4802379
ENSMUSG00000039145 chr2 5629260 5629730



ENSMUSG00000039145 chr2 5635154 5635545
ENSMUSG00000081202 chr2 9396048 9396401
ENSMUSG00000079603 chr2 9614787 9615158
ENSMUSG00000061186 chr2 10236305 10236793
ENSMUSG00000049630 chr2 12931869 12932468
ENSMUSG00000026728 chr2 13493771 13494392
ENSMUSG00000026728 chr2 13500200 13500564
ENSMUSG00000083281 chr2 19029598 19029978
ENSMUSG00000043415 chr2 19579825 19580167
ENSMUSG00000006476 chr2 24909949 24911080
ENSMUSG00000036352 chr2 25877174 25877534
ENSMUSG00000026930 chr2 26181180 26181914
ENSMUSG00000026837 chr2 27742650 27744488
ENSMUSG00000026837 chr2 27813836 27814342
ENSMUSG00000026837 chr2 27815683 27816205
ENSMUSG00000026837 chr2 27820642 27821450
ENSMUSG00000026837 chr2 27824999 27825597
ENSMUSG00000026837 chr2 27829711 27830554
ENSMUSG00000026837 chr2 27835805 27836147
ENSMUSG00000026837 chr2 27836181 27836955
ENSMUSG00000026835 chr2 27938289 27938766
ENSMUSG00000082788 chr2 28955875 28956904
ENSMUSG00000039844 chr2 29511329 29511880
ENSMUSG00000039826 chr2 29635755 29636282
ENSMUSG00000065485 chr2 29701489 29702003
ENSMUSG00000047363 chr2 30456497 30456875
ENSMUSG00000084143 chr2 30780663 30781116
ENSMUSG00000026848 chr2 30798086 30798729
ENSMUSG00000026851 chr2 30837142 30838004
ENSMUSG00000055632 chr2 31151613 31152239
ENSMUSG00000055632 chr2 31153871 31154197
ENSMUSG00000039254 chr2 32091691 32092338
ENSMUSG00000044627 chr2 32143150 32143596
ENSMUSG00000065554 chr2 32159955 32160736
ENSMUSG00000026819 chr2 32306370 32307009
ENSMUSG00000026796 chr2 32725788 32726330
ENSMUSG00000081244 chr2 33573268 33573685
ENSMUSG00000081244 chr2 33616684 33617164
ENSMUSG00000038740 chr2 33676958 33677638
ENSMUSG00000038718 chr2 34122061 34122581
ENSMUSG00000035778 chr2 35300904 35301364
ENSMUSG00000026889 chr2 35991805 35992303
ENSMUSG00000083849 chr2 44381879 44382372
ENSMUSG00000026872 chr2 44972852 44973161
ENSMUSG00000069495 chr2 49306254 49306675
ENSMUSG00000026765 chr2 49599909 49600616
ENSMUSG00000036249 chr2 51790223 51790763
ENSMUSG00000083287 chr2 53717784 53718158
ENSMUSG00000060988 chr2 54420141 54420584
ENSMUSG00000026827 chr2 57090234 57090616
ENSMUSG00000035168 chr2 59450291 59450704
ENSMUSG00000026971 chr2 60664343 60664901
ENSMUSG00000026970 chr2 60801086 60801617
ENSMUSG00000063145 chr2 69484712 69485310
ENSMUSG00000027086 chr2 69551362 69551920
ENSMUSG00000027010 chr2 71205410 71205844
ENSMUSG00000041911 chr2 71337955 71338319
ENSMUSG00000015839 chr2 75541343 75541856



ENSMUSG00000027079 chr2 84567538 84567983
ENSMUSG00000034059 chr2 84575215 84575890
ENSMUSG00000002105 chr2 90909932 90910630
ENSMUSG00000081248 chr2 91228401 91228786
ENSMUSG00000027230 chr2 91851942 91852596
ENSMUSG00000027230 chr2 91856277 91857673
ENSMUSG00000027220 chr2 92755041 92755525
ENSMUSG00000075025 chr2 93291270 93291749
ENSMUSG00000050587 chr2 97318240 97318772
ENSMUSG00000082972 chr2 100866389 100866757
ENSMUSG00000082328 chr2 101970656 101971007
ENSMUSG00000027188 chr2 102397139 102397468
ENSMUSG00000005087 chr2 102796088 102796583
ENSMUSG00000032724 chr2 103407109 103407699
ENSMUSG00000027185 chr2 103601162 103601660
ENSMUSG00000005973 chr2 105239048 105239570
ENSMUSG00000027130 chr2 112105366 112105862
ENSMUSG00000074934 chr2 113622012 113622394
ENSMUSG00000027347 chr2 117250202 117250759
ENSMUSG00000027347 chr2 117441924 117442263
ENSMUSG00000027324 chr2 118860376 118860830
ENSMUSG00000027315 chr2 119067869 119068255
ENSMUSG00000034216 chr2 119114107 119114531
ENSMUSG00000046110 chr2 121283094 121283733
ENSMUSG00000033411 chr2 121781344 121781716
ENSMUSG00000033268 chr2 122163814 122164259
ENSMUSG00000074876 chr2 122456119 122456460
ENSMUSG00000027395 chr2 128919633 128919971
ENSMUSG00000060029 chr2 130389606 130390354
ENSMUSG00000068264 chr2 131035824 131036337
ENSMUSG00000027339 chr2 131831859 131832347
ENSMUSG00000027276 chr2 137434190 137434600
ENSMUSG00000039033 chr2 139892225 139892602
ENSMUSG00000027422 chr2 143835329 143836248
ENSMUSG00000082480 chr2 143990718 143991056
ENSMUSG00000063873 chr2 145039526 145040083
ENSMUSG00000037110 chr2 146337969 146338338
ENSMUSG00000053545 chr2 147001307 147001609
ENSMUSG00000053916 chr2 150864975 150865602
ENSMUSG00000032802 chr2 151931414 151931775
ENSMUSG00000074698 chr2 152062048 152062411
ENSMUSG00000038467 chr2 154482478 154482915
ENSMUSG00000074656 chr2 154718306 154718769
ENSMUSG00000038383 chr2 155183078 155183403
ENSMUSG00000038324 chr2 155517945 155518497
ENSMUSG00000074647 chr2 155678547 155678864
ENSMUSG00000038116 chr2 156070724 156071134
ENSMUSG00000067818 chr2 156600370 156600940
ENSMUSG00000055485 chr2 156899560 156900005
ENSMUSG00000055485 chr2 156904665 156904951
ENSMUSG00000082329 chr2 157359364 157359842
ENSMUSG00000018322 chr2 163934257 163934772
ENSMUSG00000039873 chr2 164659014 164659561
ENSMUSG00000006800 chr2 166126782 166127145
ENSMUSG00000039621 chr2 166555318 166555683
ENSMUSG00000017969 chr2 167057609 167058069
ENSMUSG00000042821 chr2 167363678 167364282
ENSMUSG00000081511 chr2 167395547 167396085



ENSMUSG00000081511 chr2 167415833 167416302
ENSMUSG00000019755 chr2 167486251 167486762
ENSMUSG00000056501 chr2 167515289 167515688
ENSMUSG00000006462 chr2 167517361 167517930
ENSMUSG00000006462 chr2 167527509 167528041
ENSMUSG00000027540 chr2 167776715 167777199
ENSMUSG00000008999 chr2 172721175 172721465
ENSMUSG00000027569 chr2 180316189 180316687
ENSMUSG00000027570 chr2 180333368 180333886
ENSMUSG00000027570 chr2 180335401 180335778
ENSMUSG00000027570 chr2 180335972 180336863
ENSMUSG00000027570 chr2 180344446 180345165
ENSMUSG00000027570 chr2 180345759 180346359
ENSMUSG00000027570 chr2 180347369 180348038
ENSMUSG00000074728 chr3 5210247 5210730
ENSMUSG00000040374 chr3 5576282 5576691
ENSMUSG00000027555 chr3 14629058 14629423
ENSMUSG00000039286 chr3 27607835 27608404
ENSMUSG00000043164 chr3 27766378 27766637
ENSMUSG00000027695 chr3 28006242 28007127
ENSMUSG00000037730 chr3 30501032 30501420
ENSMUSG00000037643 chr3 30922116 30922642
ENSMUSG00000027665 chr3 32296416 32296954
ENSMUSG00000027708 chr3 35824852 35825285
ENSMUSG00000054779 chr3 37269211 37269805
ENSMUSG00000046743 chr3 38642336 38642824
ENSMUSG00000023087 chr3 51028263 51028785
ENSMUSG00000070490 chr3 52288060 52288500
ENSMUSG00000048332 chr3 53008037 53008558
ENSMUSG00000048332 chr3 53014470 53015103
ENSMUSG00000027750 chr3 54162086 54162991
ENSMUSG00000036580 chr3 54902867 54903238
ENSMUSG00000027806 chr3 58221037 58221396
ENSMUSG00000027822 chr3 63768240 63768840
ENSMUSG00000074580 chr3 65333050 65333493
ENSMUSG00000027832 chr3 65966973 65967368
ENSMUSG00000027832 chr3 66024750 66025209
ENSMUSG00000047557 chr3 67267331 67267749
ENSMUSG00000027788 chr3 69830387 69830851
ENSMUSG00000027995 chr3 83645114 83645569
ENSMUSG00000027995 chr3 83649403 83649902
ENSMUSG00000027993 chr3 84122983 84123538
ENSMUSG00000041842 chr3 84283417 84283877
ENSMUSG00000031286 chr3 85676478 85676988
ENSMUSG00000049013 chr3 85798672 85799113
ENSMUSG00000028073 chr3 87568439 87568816
ENSMUSG00000028063 chr3 88299421 88299971
ENSMUSG00000028059 chr3 88423644 88424012
ENSMUSG00000068921 chr3 88754818 88755110
ENSMUSG00000027937 chr3 90035015 90035633
ENSMUSG00000001018 chr3 90299653 90300307
ENSMUSG00000001021 chr3 90404629 90405114
ENSMUSG00000001025 chr3 90416664 90417132
ENSMUSG00000015943 chr3 96000786 96001213
ENSMUSG00000038170 chr3 97671851 97672305
ENSMUSG00000027864 chr3 100882005 100882425
ENSMUSG00000027859 chr3 102165999 102166526
ENSMUSG00000000562 chr3 105697150 105697578



ENSMUSG00000027901 chr3 106297541 106298003
ENSMUSG00000014599 chr3 107546892 107547534
ENSMUSG00000027966 chr3 113734720 113735207
ENSMUSG00000027966 chr3 113736823 113737164
ENSMUSG00000027966 chr3 113826963 113827431
ENSMUSG00000027966 chr3 113860927 113861210
ENSMUSG00000027966 chr3 113867209 113867514
ENSMUSG00000027966 chr3 113884084 113884448
ENSMUSG00000027966 chr3 113888736 113888964
ENSMUSG00000027966 chr3 113896676 113897243
ENSMUSG00000028125 chr3 121793973 121794679
ENSMUSG00000028121 chr3 122212450 122212853
ENSMUSG00000050315 chr3 122842924 122843455
ENSMUSG00000050315 chr3 122938922 122939498
ENSMUSG00000039234 chr3 122999445 122999913
ENSMUSG00000053819 chr3 126422805 126423239
ENSMUSG00000078587 chr3 126627215 126627572
ENSMUSG00000019232 chr3 130266955 130267337
ENSMUSG00000004127 chr3 137806334 137806922
ENSMUSG00000028149 chr3 138737683 138738069
ENSMUSG00000028266 chr3 143927485 143927783
ENSMUSG00000028197 chr3 145024638 145025058
ENSMUSG00000074182 chr3 145104252 145104534
ENSMUSG00000074182 chr3 145136916 145137555
ENSMUSG00000074182 chr3 145149118 145149406
ENSMUSG00000074182 chr3 145170398 145170951
ENSMUSG00000028194 chr3 145453076 145453681
ENSMUSG00000054942 chr3 151971577 151971924
ENSMUSG00000028201 chr3 154077423 154079190
ENSMUSG00000028182 chr3 154756407 154756792
ENSMUSG00000049119 chr4 5571367 5571891
ENSMUSG00000064698 chr4 9672669 9673148
ENSMUSG00000028218 chr4 12098940 12099387
ENSMUSG00000040550 chr4 14753639 14753923
ENSMUSG00000028261 chr4 24825162 24825526
ENSMUSG00000028284 chr4 32050562 32051411
ENSMUSG00000028277 chr4 33118237 33118599
ENSMUSG00000039967 chr4 34833698 34834152
ENSMUSG00000081720 chr4 40573352 40573731
ENSMUSG00000028427 chr4 40987277 40987826
ENSMUSG00000036002 chr4 43051558 43052635
ENSMUSG00000028464 chr4 43535181 43535732
ENSMUSG00000028464 chr4 43537438 43537722
ENSMUSG00000039813 chr4 46674268 46674773
ENSMUSG00000039809 chr4 46857877 46858104
ENSMUSG00000028339 chr4 47231680 47232259
ENSMUSG00000007613 chr4 47299651 47300277
ENSMUSG00000007613 chr4 47305880 47306374
ENSMUSG00000028343 chr4 48292235 48293206
ENSMUSG00000028347 chr4 48598979 48599473
ENSMUSG00000028412 chr4 53453966 53454378
ENSMUSG00000038764 chr4 57307528 57308226
ENSMUSG00000028367 chr4 57968449 57969260
ENSMUSG00000028389 chr4 61869355 61870088
ENSMUSG00000066149 chr4 62069242 62069923
ENSMUSG00000028394 chr4 62185641 62186476
ENSMUSG00000077161 chr4 62396834 62397423
ENSMUSG00000045672 chr4 62886682 62887308



ENSMUSG00000070102 chr4 62914388 62915078
ENSMUSG00000039196 chr4 62961534 62962035
ENSMUSG00000039196 chr4 62962057 62963188
ENSMUSG00000039196 chr4 62966012 62966438
ENSMUSG00000039196 chr4 62970548 62970916
ENSMUSG00000039196 chr4 62977946 62979331
ENSMUSG00000039196 chr4 62979806 62980860
ENSMUSG00000039158 chr4 63071261 63071724
ENSMUSG00000039105 chr4 63205996 63206687
ENSMUSG00000039105 chr4 63208753 63209256
ENSMUSG00000048706 chr4 80564571 80565116
ENSMUSG00000052407 chr4 83170634 83171067
ENSMUSG00000052407 chr4 83171421 83171981
ENSMUSG00000028497 chr4 88125917 88126367
ENSMUSG00000028572 chr4 95601341 95601726
ENSMUSG00000035305 chr4 99900808 99901328
ENSMUSG00000082928 chr4 100906955 100907561
ENSMUSG00000028601 chr4 107838088 107838503
ENSMUSG00000028559 chr4 108820108 108820711
ENSMUSG00000084673 chr4 111187678 111188076
ENSMUSG00000070867 chr4 114092785 114093186
ENSMUSG00000055210 chr4 114582030 114582343
ENSMUSG00000063882 chr4 115745312 115745821
ENSMUSG00000028693 chr4 116299512 116299845
ENSMUSG00000028540 chr4 117564477 117564879
ENSMUSG00000028635 chr4 119721617 119722090
ENSMUSG00000028626 chr4 120713331 120713976
ENSMUSG00000028626 chr4 120717214 120717573
ENSMUSG00000028626 chr4 120724810 120725305
ENSMUSG00000028626 chr4 120726246 120726729
ENSMUSG00000082310 chr4 123496384 123496782
ENSMUSG00000032643 chr4 124377510 124377854
ENSMUSG00000028871 chr4 124664156 124664564
ENSMUSG00000028869 chr4 124694653 124695129
ENSMUSG00000050212 chr4 125809375 125809916
ENSMUSG00000040690 chr4 129734827 129735988
ENSMUSG00000040690 chr4 129737418 129738013
ENSMUSG00000040690 chr4 129738335 129738838
ENSMUSG00000040690 chr4 129744035 129744582
ENSMUSG00000040690 chr4 129745369 129745918
ENSMUSG00000028779 chr4 129756732 129757224
ENSMUSG00000028779 chr4 129763151 129763500
ENSMUSG00000028779 chr4 129773391 129774029
ENSMUSG00000028779 chr4 129774823 129775279
ENSMUSG00000028779 chr4 129777815 129778285
ENSMUSG00000028776 chr4 129861561 129861957
ENSMUSG00000028581 chr4 130452184 130452487
ENSMUSG00000028911 chr4 131429859 131430290
ENSMUSG00000070717 chr4 131586849 131587387
ENSMUSG00000028886 chr4 132208777 132209207
ENSMUSG00000028854 chr4 132927329 132927589
ENSMUSG00000056596 chr4 133053800 133054275
ENSMUSG00000037188 chr4 135100841 135101290
ENSMUSG00000007872 chr4 135673261 135673587
ENSMUSG00000036896 chr4 136447555 136448769
ENSMUSG00000070667 chr4 136943898 136944463
ENSMUSG00000028763 chr4 137025504 137026000
ENSMUSG00000006445 chr4 140842789 140843181



ENSMUSG00000057637 chr4 142807196 142807671
ENSMUSG00000029020 chr4 147292448 147293496
ENSMUSG00000028979 chr4 147978816 147979105
ENSMUSG00000042804 chr4 151636424 151636959
ENSMUSG00000039577 chr4 151865403 151865872
ENSMUSG00000039410 chr4 153896033 153896303
ENSMUSG00000051276 chr4 154128621 154128936
ENSMUSG00000029050 chr4 154529208 154529764
ENSMUSG00000029050 chr4 154610008 154610405
ENSMUSG00000042116 chr4 155144000 155144379
ENSMUSG00000040302 chr5 3603195 3603484
ENSMUSG00000046798 chr5 5514739 5515088
ENSMUSG00000062038 chr5 13229790 13230288
ENSMUSG00000080293 chr5 14823640 14823954
ENSMUSG00000028780 chr5 17195459 17196140
ENSMUSG00000040003 chr5 19097108 19097401
ENSMUSG00000028771 chr5 20560664 20561254
ENSMUSG00000029004 chr5 22963034 22963590
ENSMUSG00000023353 chr5 23958178 23958804
ENSMUSG00000076387 chr5 24096963 24097671
ENSMUSG00000028949 chr5 24128359 24128818
ENSMUSG00000028938 chr5 24690893 24691427
ENSMUSG00000038828 chr5 31152349 31152918
ENSMUSG00000029162 chr5 31221434 31221990
ENSMUSG00000029145 chr5 31495302 31495828
ENSMUSG00000078181 chr5 31939133 31939587
ENSMUSG00000073058 chr5 32435091 32435561
ENSMUSG00000082305 chr5 33015750 33016382
ENSMUSG00000037373 chr5 33606807 33607293
ENSMUSG00000037373 chr5 33616947 33617360
ENSMUSG00000037339 chr5 33970733 33971138
ENSMUSG00000019295 chr5 33999828 34000332
ENSMUSG00000059866 chr5 34855388 34855908
ENSMUSG00000029094 chr5 36240720 36241102
ENSMUSG00000029190 chr5 37086574 37086906
ENSMUSG00000029190 chr5 37103906 37104253
ENSMUSG00000029092 chr5 45503296 45503732
ENSMUSG00000015880 chr5 46060485 46061019
ENSMUSG00000029178 chr5 64970884 64971227
ENSMUSG00000029178 chr5 65194581 65195124
ENSMUSG00000037822 chr5 65883315 65883953
ENSMUSG00000054598 chr5 66396277 66396818
ENSMUSG00000070733 chr5 73646961 73647575
ENSMUSG00000029228 chr5 75050461 75051247
ENSMUSG00000029231 chr5 75548720 75549491
ENSMUSG00000029231 chr5 75552661 75553127
ENSMUSG00000006262 chr5 89128527 89128937
ENSMUSG00000029366 chr5 89193842 89194295
ENSMUSG00000035505 chr5 90652957 90653314
ENSMUSG00000029413 chr5 92717529 92718014
ENSMUSG00000029415 chr5 92738500 92739288
ENSMUSG00000047963 chr5 93021075 93021477
ENSMUSG00000058013 chr5 93521818 93522291
ENSMUSG00000058013 chr5 93522732 93523084
ENSMUSG00000029484 chr5 97215243 97215705
ENSMUSG00000084126 chr5 104008570 104009106
ENSMUSG00000064629 chr5 104267609 104268162
ENSMUSG00000034528 chr5 104410225 104410567



ENSMUSG00000029310 chr5 104484025 104484482
ENSMUSG00000049606 chr5 107125807 107126158
ENSMUSG00000084218 chr5 107569560 107569866
ENSMUSG00000062234 chr5 109058634 109059203
ENSMUSG00000033316 chr5 110992506 110992896
ENSMUSG00000072734 chr5 111586739 111587144
ENSMUSG00000070576 chr5 111846180 111846497
ENSMUSG00000070576 chr5 111849480 111850485
ENSMUSG00000052848 chr5 111960201 111960707
ENSMUSG00000029352 chr5 113528670 113529113
ENSMUSG00000051339 chr5 113588711 113589179
ENSMUSG00000051339 chr5 113594562 113594935
ENSMUSG00000053334 chr5 114188903 114189318
ENSMUSG00000025825 chr5 114222543 114222871
ENSMUSG00000065320 chr5 114380972 114381425
ENSMUSG00000044339 chr5 114577938 114578402
ENSMUSG00000011884 chr5 115141207 115141644
ENSMUSG00000046562 chr5 115583602 115584096
ENSMUSG00000046562 chr5 115586179 115587027
ENSMUSG00000048578 chr5 115606878 115607334
ENSMUSG00000067274 chr5 116010582 116011307
ENSMUSG00000018604 chr5 120069785 120070203
ENSMUSG00000029601 chr5 121039086 121039381
ENSMUSG00000001166 chr5 121262425 121263023
ENSMUSG00000062438 chr5 121956735 121957307
ENSMUSG00000042594 chr5 122280557 122280980
ENSMUSG00000083909 chr5 122751843 122752343
ENSMUSG00000056735 chr5 123400422 123400870
ENSMUSG00000054434 chr5 123526092 123526621
ENSMUSG00000029449 chr5 123583735 123584178
ENSMUSG00000062946 chr5 123588426 123589026
ENSMUSG00000049550 chr5 124133980 124134325
ENSMUSG00000000915 chr5 124423232 124423595
ENSMUSG00000066278 chr5 124457116 124457723
ENSMUSG00000029394 chr5 124803260 124803723
ENSMUSG00000029478 chr5 125725877 125726424
ENSMUSG00000008348 chr5 125885561 125885941
ENSMUSG00000029439 chr5 130007172 130007490
ENSMUSG00000025534 chr5 130465180 130465716
ENSMUSG00000025534 chr5 130475016 130475483
ENSMUSG00000060371 chr5 130813476 130813883
ENSMUSG00000076320 chr5 134913268 134913896
ENSMUSG00000023104 chr5 135058453 135058907
ENSMUSG00000029675 chr5 135244243 135244913
ENSMUSG00000053293 chr5 135941588 135942137
ENSMUSG00000039886 chr5 136211561 136212024
ENSMUSG00000039860 chr5 136276750 136277309
ENSMUSG00000051391 chr5 136410631 136411239
ENSMUSG00000039771 chr5 136591986 136592444
ENSMUSG00000029719 chr5 138069506 138069864
ENSMUSG00000029725 chr5 138220793 138221189
ENSMUSG00000056014 chr5 139063699 139064136
ENSMUSG00000056493 chr5 142878660 142879253
ENSMUSG00000039477 chr5 143582562 143583450
ENSMUSG00000029580 chr5 143667926 143668445
ENSMUSG00000029580 chr5 143682398 143682982
ENSMUSG00000029586 chr5 143956387 143956901
ENSMUSG00000066621 chr5 144968853 144969443



ENSMUSG00000038780 chr5 145659333 145659841
ENSMUSG00000041313 chr5 149210350 149210917
ENSMUSG00000079069 chr5 149761611 149761943
ENSMUSG00000079069 chr5 149762012 149762595
ENSMUSG00000029657 chr5 150439186 150439549
ENSMUSG00000016128 chr5 151967120 151967412
ENSMUSG00000047735 chr6 3335684 3336037
ENSMUSG00000029661 chr6 4455625 4456148
ENSMUSG00000029661 chr6 4459413 4459943
ENSMUSG00000029661 chr6 4460067 4461452
ENSMUSG00000029661 chr6 4461578 4461891
ENSMUSG00000029661 chr6 4464800 4466594
ENSMUSG00000029661 chr6 4466604 4467267
ENSMUSG00000029661 chr6 4468418 4471901
ENSMUSG00000029661 chr6 4472330 4475649
ENSMUSG00000029661 chr6 4476575 4477502
ENSMUSG00000029661 chr6 4477908 4480595
ENSMUSG00000029661 chr6 4480650 4483037
ENSMUSG00000029661 chr6 4483282 4488500
ENSMUSG00000029661 chr6 4489030 4489906
ENSMUSG00000048365 chr6 7972001 7972495
ENSMUSG00000048365 chr6 8036730 8037199
ENSMUSG00000079679 chr6 13322190 13322625
ENSMUSG00000052419 chr6 13821036 13821906
ENSMUSG00000007655 chr6 17290630 17291021
ENSMUSG00000029672 chr6 22450297 22450902
ENSMUSG00000029701 chr6 29120931 29121417
ENSMUSG00000079654 chr6 29128933 29129241
ENSMUSG00000073209 chr6 30930225 30930769
ENSMUSG00000065604 chr6 31021112 31021626
ENSMUSG00000065604 chr6 31032594 31033069
ENSMUSG00000065604 chr6 31035860 31036374
ENSMUSG00000065604 chr6 31037495 31038077
ENSMUSG00000025609 chr6 31271929 31272397
ENSMUSG00000025609 chr6 31282017 31282747
ENSMUSG00000025609 chr6 31286433 31287006
ENSMUSG00000038759 chr6 35127452 35127980
ENSMUSG00000019689 chr6 38482897 38484054
ENSMUSG00000002413 chr6 39669489 39669802
ENSMUSG00000029860 chr6 42303272 42304304
ENSMUSG00000029860 chr6 42305787 42306097
ENSMUSG00000029851 chr6 42626058 42626581
ENSMUSG00000064945 chr6 47689432 47690397
ENSMUSG00000044867 chr6 48692169 48692608
ENSMUSG00000029814 chr6 49168116 49168439
ENSMUSG00000029821 chr6 50211681 50212111
ENSMUSG00000029776 chr6 52589863 52590266
ENSMUSG00000029781 chr6 56827503 56827990
ENSMUSG00000049232 chr6 59159139 59159731
ENSMUSG00000018341 chr6 67380843 67381149
ENSMUSG00000037621 chr6 72185294 72185704
ENSMUSG00000053907 chr6 72389282 72389722
ENSMUSG00000056698 chr6 72548143 72548726
ENSMUSG00000055799 chr6 72738189 72738571
ENSMUSG00000065072 chr6 73102127 73102543
ENSMUSG00000068329 chr6 83004219 83004807
ENSMUSG00000034777 chr6 83652186 83652528
ENSMUSG00000014748 chr6 83725617 83726496



ENSMUSG00000033788 chr6 84046052 84046539
ENSMUSG00000071345 chr6 85081608 85082015
ENSMUSG00000033420 chr6 87281286 87281860
ENSMUSG00000033420 chr6 87283728 87284295
ENSMUSG00000015053 chr6 88154213 88154862
ENSMUSG00000055403 chr6 89014991 89015577
ENSMUSG00000056643 chr6 90265673 90266210
ENSMUSG00000034312 chr6 90656121 90656434
ENSMUSG00000064080 chr6 91151598 91152123
ENSMUSG00000034203 chr6 91423317 91423808
ENSMUSG00000030096 chr6 91567034 91567645
ENSMUSG00000030096 chr6 91596895 91597605
ENSMUSG00000030059 chr6 97128664 97129134
ENSMUSG00000044086 chr6 97297974 97298306
ENSMUSG00000030067 chr6 99166579 99166928
ENSMUSG00000072872 chr6 100236344 100236868
ENSMUSG00000079446 chr6 100655032 100655540
ENSMUSG00000043024 chr6 108520653 108521192
ENSMUSG00000078282 chr6 112773254 112773698
ENSMUSG00000030257 chr6 112856009 112856465
ENSMUSG00000030286 chr6 113481420 113481872
ENSMUSG00000030314 chr6 114592866 114593472
ENSMUSG00000030315 chr6 114861345 114861931
ENSMUSG00000030316 chr6 114992643 114993021
ENSMUSG00000054488 chr6 117410895 117411524
ENSMUSG00000042087 chr6 117866945 117867277
ENSMUSG00000072623 chr6 118427790 118428290
ENSMUSG00000041477 chr6 118852905 118853340
ENSMUSG00000041477 chr6 119057864 119058369
ENSMUSG00000030019 chr6 119430069 119431092
ENSMUSG00000030170 chr6 119471706 119472423
ENSMUSG00000040669 chr6 122290170 122290598
ENSMUSG00000072772 chr6 124690512 124690866
ENSMUSG00000030122 chr6 124870148 124870658
ENSMUSG00000038271 chr6 125096756 125097182
ENSMUSG00000067702 chr6 125241249 125241694
ENSMUSG00000038167 chr6 125327453 125328244
ENSMUSG00000001930 chr6 125570731 125571233
ENSMUSG00000030352 chr6 128093711 128094303
ENSMUSG00000030199 chr6 133997186 133997681
ENSMUSG00000042992 chr6 134646028 134646320
ENSMUSG00000030204 chr6 134933517 134933984
ENSMUSG00000030204 chr6 134961302 134962007
ENSMUSG00000079274 chr6 137467973 137468530
ENSMUSG00000015766 chr6 137508666 137509152
ENSMUSG00000084477 chr6 140439591 140439980
ENSMUSG00000030232 chr6 140591453 140591989
ENSMUSG00000079262 chr6 142168289 142168706
ENSMUSG00000080637 chr6 144589077 144589707
ENSMUSG00000072677 chr6 144735458 144735932
ENSMUSG00000030268 chr6 145024238 145024783
ENSMUSG00000043541 chr6 145135726 145136276
ENSMUSG00000040250 chr6 146526361 146526972
ENSMUSG00000040234 chr6 146582671 146583738
ENSMUSG00000040187 chr6 146716829 146717219
ENSMUSG00000040187 chr6 146725077 146725539
ENSMUSG00000030292 chr6 146773478 146774073
ENSMUSG00000040163 chr6 146934972 146935488



ENSMUSG00000032712 chr6 149258193 149258570
ENSMUSG00000054753 chr7 3170204 3170585
ENSMUSG00000019254 chr7 4453568 4454101
ENSMUSG00000030386 chr7 13063811 13064267
ENSMUSG00000054715 chr7 13482833 13483242
ENSMUSG00000033916 chr7 13619783 13620441
ENSMUSG00000041560 chr7 16533772 16534135
ENSMUSG00000006024 chr7 16683894 16684202
ENSMUSG00000006019 chr7 16791327 16791854
ENSMUSG00000044030 chr7 19589211 19589447
ENSMUSG00000044030 chr7 19589624 19590313
ENSMUSG00000030410 chr7 19660866 19661253
ENSMUSG00000040857 chr7 26033481 26033783
ENSMUSG00000040390 chr7 28459688 28460158
ENSMUSG00000047586 chr7 29355161 29355689
ENSMUSG00000053522 chr7 29634931 29635371
ENSMUSG00000037166 chr7 30077635 30077951
ENSMUSG00000001794 chr7 30983787 30984131
ENSMUSG00000036882 chr7 31317895 31318818
ENSMUSG00000074166 chr7 48754974 48755481
ENSMUSG00000014418 chr7 54050693 54051079
ENSMUSG00000052512 chr7 56467998 56468568
ENSMUSG00000065585 chr7 71337594 71338165
ENSMUSG00000033458 chr7 71525282 71526165
ENSMUSG00000030516 chr7 72515785 72516125
ENSMUSG00000078681 chr7 72844400 72845175
ENSMUSG00000042659 chr7 75892500 75892948
ENSMUSG00000062383 chr7 77504714 77505118
ENSMUSG00000078671 chr7 80722591 80723006
ENSMUSG00000025790 chr7 81569455 81569732
ENSMUSG00000030547 chr7 86867178 86867591
ENSMUSG00000039062 chr7 87025719 87026372
ENSMUSG00000030638 chr7 89413176 89413585
ENSMUSG00000070469 chr7 89570924 89571386
ENSMUSG00000070469 chr7 89683611 89684028
ENSMUSG00000001741 chr7 90847964 90848549
ENSMUSG00000052353 chr7 91166657 91167162
ENSMUSG00000052353 chr7 91176875 91177238
ENSMUSG00000039405 chr7 96665805 96666279
ENSMUSG00000039391 chr7 97037660 97038000
ENSMUSG00000062797 chr7 97089597 97090014
ENSMUSG00000030643 chr7 99925617 99925990
ENSMUSG00000030760 chr7 105474927 105475618
ENSMUSG00000070436 chr7 106500431 106501104
ENSMUSG00000070436 chr7 106501446 106502364
ENSMUSG00000070436 chr7 106508768 106509032
ENSMUSG00000047767 chr7 108449646 108451045
ENSMUSG00000037049 chr7 112702685 112703272
ENSMUSG00000073867 chr7 117204657 117205337
ENSMUSG00000030788 chr7 117967070 117967954
ENSMUSG00000030759 chr7 120657726 120658166
ENSMUSG00000084492 chr7 123874752 123875342
ENSMUSG00000033917 chr7 125849154 125849748
ENSMUSG00000046096 chr7 127820758 127821085
ENSMUSG00000030750 chr7 132613406 132613886
ENSMUSG00000030722 chr7 133540387 133540898
ENSMUSG00000042502 chr7 134339494 134340023
ENSMUSG00000045639 chr7 134758465 134758889



ENSMUSG00000030811 chr7 134889262 134889883
ENSMUSG00000030802 chr7 135047327 135047796
ENSMUSG00000030780 chr7 135492051 135492569
ENSMUSG00000055319 chr7 135888255 135888690
ENSMUSG00000030849 chr7 137406432 137407137
ENSMUSG00000030852 chr7 137792624 137793194
ENSMUSG00000040268 chr7 137977870 137978283
ENSMUSG00000066979 chr7 138703130 138703921
ENSMUSG00000073814 chr7 139507141 139507728
ENSMUSG00000030986 chr7 141047956 141048302
ENSMUSG00000041836 chr7 142802855 142803356
ENSMUSG00000025477 chr7 146575469 146575911
ENSMUSG00000025492 chr7 148195969 148196498
ENSMUSG00000031098 chr7 149621199 149622155
ENSMUSG00000052281 chr7 150199684 150200202
ENSMUSG00000052281 chr7 150201733 150202112
ENSMUSG00000009545 chr7 150324813 150325178
ENSMUSG00000059119 chr7 150734705 150735180
ENSMUSG00000048965 chr7 150983773 150984109
ENSMUSG00000031073 chr7 152082426 152083049
ENSMUSG00000070348 chr7 152139881 152140238
ENSMUSG00000070348 chr7 152226734 152227502
ENSMUSG00000004567 chr8 3500017 3500579
ENSMUSG00000019470 chr8 3620996 3621631
ENSMUSG00000040396 chr8 9977382 9978188
ENSMUSG00000039057 chr8 10130940 10131464
ENSMUSG00000031502 chr8 11210498 11211047
ENSMUSG00000031502 chr8 11212340 11212875
ENSMUSG00000031502 chr8 11213334 11213875
ENSMUSG00000031502 chr8 11214437 11214817
ENSMUSG00000031502 chr8 11216488 11217010
ENSMUSG00000031502 chr8 11217743 11218189
ENSMUSG00000031502 chr8 11218404 11219398
ENSMUSG00000031502 chr8 11219963 11220422
ENSMUSG00000031502 chr8 11220717 11221588
ENSMUSG00000031502 chr8 11231650 11232196
ENSMUSG00000031502 chr8 11236161 11236785
ENSMUSG00000031502 chr8 11242439 11243142
ENSMUSG00000031502 chr8 11245485 11246068
ENSMUSG00000031505 chr8 11510003 11510451
ENSMUSG00000074473 chr8 12247892 12248188
ENSMUSG00000038416 chr8 13757395 13757833
ENSMUSG00000071176 chr8 14920538 14921219
ENSMUSG00000059078 chr8 19784282 19784932
ENSMUSG00000031482 chr8 23508462 23508910
ENSMUSG00000008892 chr8 23703984 23704461
ENSMUSG00000031557 chr8 26181480 26181852
ENSMUSG00000054823 chr8 26737558 26738067
ENSMUSG00000031483 chr8 28134828 28135323
ENSMUSG00000039720 chr8 28323562 28323984
ENSMUSG00000083588 chr8 32540054 32540414
ENSMUSG00000046794 chr8 36281301 36281808
ENSMUSG00000031596 chr8 41977425 41977900
ENSMUSG00000031592 chr8 42336077 42336577
ENSMUSG00000031562 chr8 49182580 49183292
ENSMUSG00000031604 chr8 67212545 67212877
ENSMUSG00000074292 chr8 69903980 69904643
ENSMUSG00000051147 chr8 70018191 70018761



ENSMUSG00000030465 chr8 70420674 70421137
ENSMUSG00000044006 chr8 72408073 72408544
ENSMUSG00000002342 chr8 72695958 72696588
ENSMUSG00000003573 chr8 72786515 72786889
ENSMUSG00000070002 chr8 73085866 73086226
ENSMUSG00000000792 chr8 73417339 73418487
ENSMUSG00000074252 chr8 73445721 73446329
ENSMUSG00000002396 chr8 73893004 73893377
ENSMUSG00000034880 chr8 73988361 73988856
ENSMUSG00000034829 chr8 74086617 74087016
ENSMUSG00000052794 chr8 74967764 74968135
ENSMUSG00000037148 chr8 80041509 80041884
ENSMUSG00000019464 chr8 86190592 86191050
ENSMUSG00000065483 chr8 86713295 86713848
ENSMUSG00000001911 chr8 87298905 87299290
ENSMUSG00000001911 chr8 87305484 87305910
ENSMUSG00000001911 chr8 87308723 87309219
ENSMUSG00000033751 chr8 87356323 87356661
ENSMUSG00000041203 chr8 87550355 87550855
ENSMUSG00000031700 chr8 88016660 88017196
ENSMUSG00000036879 chr8 88461663 88461977
ENSMUSG00000045333 chr8 90317723 90318225
ENSMUSG00000056608 chr8 93337515 93337941
ENSMUSG00000056608 chr8 93352889 93353353
ENSMUSG00000031667 chr8 93716675 93717219
ENSMUSG00000033282 chr8 93837095 93837904
ENSMUSG00000055932 chr8 93905492 93906053
ENSMUSG00000031738 chr8 95137275 95137747
ENSMUSG00000031751 chr8 96499874 96500237
ENSMUSG00000033009 chr8 96560953 96561444
ENSMUSG00000031673 chr8 105307746 105308180
ENSMUSG00000063696 chr8 105389267 105389723
ENSMUSG00000031871 chr8 106435676 106436277
ENSMUSG00000031871 chr8 106552500 106553094
ENSMUSG00000041308 chr8 109480928 109481332
ENSMUSG00000065439 chr8 110070504 110071108
ENSMUSG00000031955 chr8 114239936 114240434
ENSMUSG00000031758 chr8 119197659 119198076
ENSMUSG00000034390 chr8 119868577 119869001
ENSMUSG00000034330 chr8 119978517 119978953
ENSMUSG00000034330 chr8 120053883 120054313
ENSMUSG00000034112 chr8 122210145 122210614
ENSMUSG00000042812 chr8 123608367 123609091
ENSMUSG00000064642 chr8 124192737 124193557
ENSMUSG00000040010 chr8 124427380 124427764
ENSMUSG00000025316 chr8 124473684 124474277
ENSMUSG00000006585 chr8 125080254 125080726
ENSMUSG00000006585 chr8 125092625 125093805
ENSMUSG00000015016 chr8 125299072 125299626
ENSMUSG00000065915 chr8 125528753 125529088
ENSMUSG00000031967 chr8 126001645 126002160
ENSMUSG00000039509 chr8 126472914 126473429
ENSMUSG00000031977 chr8 126814878 126815340
ENSMUSG00000074026 chr8 129037527 129038194
ENSMUSG00000074026 chr8 129049491 129049994
ENSMUSG00000051495 chr8 129189550 129189915
ENSMUSG00000074025 chr8 129306177 129306705
ENSMUSG00000072481 chr8 129510283 129510864



ENSMUSG00000025812 chr8 129587766 129588283
ENSMUSG00000084523 chr8 130743410 130743817
ENSMUSG00000041124 chr9 4375891 4376343
ENSMUSG00000047619 chr9 6270041 6270421
ENSMUSG00000050912 chr9 7764469 7764941
ENSMUSG00000032009 chr9 14045592 14045990
ENSMUSG00000032172 chr9 20555909 20556391
ENSMUSG00000004098 chr9 20589542 20590200
ENSMUSG00000004098 chr9 20591184 20591770
ENSMUSG00000004098 chr9 20592886 20593203
ENSMUSG00000004098 chr9 20597788 20598233
ENSMUSG00000032177 chr9 20986946 20987204
ENSMUSG00000032194 chr9 21591370 21591715
ENSMUSG00000031963 chr9 22914397 22914622
ENSMUSG00000008429 chr9 24956166 24956714
ENSMUSG00000032035 chr9 32522150 32522516
ENSMUSG00000032036 chr9 34205504 34205927
ENSMUSG00000032040 chr9 34970418 34971152
ENSMUSG00000038119 chr9 35167249 35167781
ENSMUSG00000032122 chr9 37062762 37063101
ENSMUSG00000001948 chr9 37418294 37418643
ENSMUSG00000040111 chr9 40345318 40345760
ENSMUSG00000032024 chr9 40494472 40495076
ENSMUSG00000032024 chr9 40551429 40551666
ENSMUSG00000032020 chr9 40996274 40996630
ENSMUSG00000032112 chr9 44214684 44215184
ENSMUSG00000063382 chr9 44301815 44302345
ENSMUSG00000063382 chr9 44315949 44316375
ENSMUSG00000048537 chr9 44529146 44529474
ENSMUSG00000039438 chr9 44610756 44611133
ENSMUSG00000002028 chr9 44689255 44690011
ENSMUSG00000034135 chr9 45821812 45822391
ENSMUSG00000037971 chr9 50576109 50576714
ENSMUSG00000061559 chr9 54590239 54590799
ENSMUSG00000032733 chr9 56774146 56774551
ENSMUSG00000032334 chr9 58146773 58147594
ENSMUSG00000032294 chr9 59507060 59507526
ENSMUSG00000032292 chr9 60055565 60055865
ENSMUSG00000032280 chr9 61221494 61221914
ENSMUSG00000053641 chr9 64659675 64660016
ENSMUSG00000050721 chr9 65426043 65426833
ENSMUSG00000065387 chr9 65674607 65675089
ENSMUSG00000050503 chr9 66359553 66360035
ENSMUSG00000032376 chr9 66500044 66500427
ENSMUSG00000079486 chr9 66965765 66966094
ENSMUSG00000034910 chr9 72773416 72773948
ENSMUSG00000007656 chr9 74885065 74885626
ENSMUSG00000058587 chr9 75375031 75375714
ENSMUSG00000032355 chr9 77087093 77087586
ENSMUSG00000065037 chr9 78023728 78024271
ENSMUSG00000074179 chr9 78143950 78144441
ENSMUSG00000032332 chr9 79449810 79450221
ENSMUSG00000032332 chr9 79451994 79452539
ENSMUSG00000032332 chr9 79455974 79456507
ENSMUSG00000032332 chr9 79568708 79569275
ENSMUSG00000032251 chr9 82723191 82723772
ENSMUSG00000066456 chr9 83039936 83040443
ENSMUSG00000062358 chr9 85698691 85699046



ENSMUSG00000056031 chr9 85841943 85842714
ENSMUSG00000033419 chr9 86775654 86776079
ENSMUSG00000037410 chr9 90150924 90151159
ENSMUSG00000032369 chr9 92120546 92120852
ENSMUSG00000050397 chr9 98855534 98855861
ENSMUSG00000056267 chr9 99142616 99143241
ENSMUSG00000044244 chr9 100371288 100371748
ENSMUSG00000074116 chr9 102631620 102632613
ENSMUSG00000074116 chr9 102637015 102637632
ENSMUSG00000084659 chr9 105624980 105625383
ENSMUSG00000043719 chr9 105660452 105660938
ENSMUSG00000064517 chr9 106898763 106899134
ENSMUSG00000037190 chr9 107443919 107444432
ENSMUSG00000010054 chr9 107465119 107465728
ENSMUSG00000070285 chr9 107504525 107504789
ENSMUSG00000034837 chr9 107582661 107583062
ENSMUSG00000039952 chr9 108142293 108142641
ENSMUSG00000025651 chr9 108838904 108839248
ENSMUSG00000049699 chr9 108879699 108880798
ENSMUSG00000032492 chr9 110632389 110632742
ENSMUSG00000045594 chr9 114337339 114337812
ENSMUSG00000039607 chr9 117160751 117161297
ENSMUSG00000061536 chr9 121614277 121614769
ENSMUSG00000046269 chrX 6953053 6953614
ENSMUSG00000082090 chrX 12806851 12807432
ENSMUSG00000079641 chrX 34625032 34625397
ENSMUSG00000031371 chrX 70706324 70706657
ENSMUSG00000031375 chrX 70729350 70729843
ENSMUSG00000031376 chrX 70741904 70742390
ENSMUSG00000046032 chrX 98417695 98418359
ENSMUSG00000073037 chrX 99232874 99233213
ENSMUSG00000051323 chrX 130269392 130269942
ENSMUSG00000083646 chrX 137328238 137328546
ENSMUSG00000081217 chrX 138034532 138034895



Galli_Table S3
ChIP-qPCR primers

Gene associated Approx position (relative to TSS in Kb) Forward sequence Reverse sequence
actb TSS CCCAACACACCTAGCAAATTAGAACCAC CCTGGATTGAATGGACAGAGAGTCACT  

adamts9 TSS CCTTTTCTGGATGCCTTAACAC CCTTCACAGTGTTTCCTCTCCT
bgn +0.5 CCCAGTTGCTAAGCTCACCTAT CCATGAAGGGATAGGACTATGG

col10a1 +5.1 AGGGTTACCAGGACAAAAAGGT AGGCACTCCTTTAGCTCCTACA
col11a1 +3.5 TGCCTCAGAAGTGCTGTTTAGA AGAGCATGCCTGCTGTTTTAAT
col11a2 +19 CATTACCTCTTCCCTTGTTTCG GCAGTCTCTAGTGGGGAGAAGA
col12a1 -2.2 TGTTTCTTAACTCCCCTTGGAA ACAGGAGTAAGACCCACAGGAA
col13a1 +6.2 CATGATCAATAACAAGCCTGGA CCTCCTCTGCATAACCGTTAAA
col14a1 +2.7 GGTATCCTCTCCTTCTGCTTCA AAACGACTCCAGGAACACTGAC
col15a1 +79 CCAGGGCTAAAAGGAGAACAG GGGAATCCTTTAAACGTCAATG
col16a1 +10 CACGGGTAAGTACCCTAACCAA AAAGACCCAGGTACCCCTAGAA
col17a1 +41 ATGAGAGGTCCTCCACACTGAT CCCAGGGTCTGACTACAGAAAC
col18a1 +33 TCCATGCTCTAATCCCCTTCTA CCGGTAAGTACTGGTCTCTCCTT
col19a1 +60 CGTACCTGAATACCTGGCTCTC GAAATGGTGTGTAGGGGTTTTC
col1a1 TSS GCTCTCCATCAAGATGGTATAAAAG GACCCTAGACATGTAGACTCTTTGC
col1a1 +1.5 GGAAGAATACGGTACGGTTCTG AGTTTGGTGATACTGGGGAGAA
col1a1 +3.2 ACTTTGCTTCCCAGATGTCCTA GACATCATTGGCCTTTCTCTTC
col1a1 +6.2 AGGTCCCAAGGGTAACAGTGTA CTCGCAAGTGTATGTTTCTCCA
col1a1 +8.9 ATTAAACGCAAAGGGAGGACTT GCCAGAGTTATTCCAGGAGTGT
col1a1 +11 ACTTCTGACCACCCAATGTTCT ATACATGTCTCACCCCATCCTC
col1a1 +14 ACCTGGAAACCTTGATCTCCTT AGGCAGGAAGCTGAAGTCATAA
col1a1 +15.5 GGTCCTCTTGCTTGAAGACCTA GACTTAAATTTGGGGAGCAATG
col1a2 +4.6 TGGTTCCACAAGATTGCTCTAA GGGACCATCAACACCATCTCT
col20a1 +14 GACTTTCAGGCTTGCAGGTAAT CCCTGTGAGGGAACAGAGATAG
col22a1 +135 CAGTGTCCAGGGTGTGTGTACT ACCCTCTAACATTGGCTGACAT
col23a1 +278 CAAGGTCAGTGTTGCTGAACTC AGGATGAAGTTCGGGGTACATA
col24a1 +180 TGTCATCCACAGGGTGATAAAG CCAGTGAGTCAGTGCTGAAAAG
col25a1 +382 AGCACAGCTTCTTAGCAATGGT CCTTGAAAATTACCTGTTCTCCA
col27a1 +85 GTCAAGGGAGAAGCATAATGGA GCCAACAGTCCCTGCTATAATC
col28a1 +105 TCTTACAGACACTGTTCCCTGGT GGCCTCTGGAAAGAAGGTAATC
col2a1 +6.5 CACCCTTGACAGGAAGAGAAAA GGTGAGCAGACAGCAACAAATA
col3a1 +31 AAATCACCCTCCAATCTGGTAA CTTACATCCCTTCCAGGTTCAC
col4a1 +70 GGTGACATCACCATCACCATAA CCCAGATATGGCACTACCTGTT
col4a2 +113 TATGAAGGAGTTGTCCCCTTGT TGGTCACATGTGCATGAATCTA
col4a3 +82 TCCAGGATGTCCAGGTAAAGAT CCATGCTCCTATGCCTGAGTAT
col4a4 +75 CAAACAAGCACAGAGAGGCTTA CTCAGTGAGTGTGTGCTGTTCA
col4a5 +176 GGTATGAATGGTCCTCCTGGTA ATGAGCACCCTGTTTCTTCTTC
col4a6 +290 GCATTTGTGAGGTATGGACAAA AAACACTTGGCATTTCTGGAAG
col5a1 +1.1 GCTCTCCTTAGCTTAGCTGGTG GCCAGAAAGCAGGAGAAGAATA
col5a2 +81 GCCATGGGCTGACATACTTATT TATGTTGCTTTCCTTTGCTTCA
col5a3 +27 CCCACGTCACCCTAGAACATA TGACCAAGGGTCCTTGTCTATC
col6a1 +9 ATGGAGAAGCAAATTGGAGCTA GAGCACTACGTGGAGTCATTTG
col6a2 -10 CCGTAAGTGGCAGAGTTTCATT AGAAGCACAAGGTCTTTCCTGA
col6a3 +18 GAACTTACCCTTCGACCTCTGA TGATGTGTCACTTCTTGGCTCT
col6a6 +29 AAAATGGAAAGGACAGCAGTGT CAAAGGGCCTAAGGTAAGGACT
col7a1 +24 CTGGACTCAAAGGAGACAAGGT TCCCTAGAGTTCAACCGGAATA
col8a1 +3.4 GGGACCTACTTCACCAAGAAAA AGAAGGTGGAGTTGTAGGACCA
col8a2 +24 GAGGAGACCAAGGGCCTAAT CCCAAGTCACCTTTCTGTCCTA
col9a1 +53 ATCCATCAGCTCATTCAAGGAT ACCTGTTCACCCTTCCACTAAC
col9a2 +1.5 ATGGCATCGACGTGAGTATCTA GGGGTTTTCTCTGAACAAACAG
col9a3 +3.5 GAGTCTGTGGCTCATTCTTCCT TAACCTTGGGACAGCAGCTATT

dcn -103 TCTTTACCAGGGAGCAGAGAAC ATCCTAGGAGCTTGTTGAGCAC
dmrt3 +0.4 ACAAGCGCTACTGTCGCTTCAA GCTCGATGATCAGGATGCACTT
emid2 +123 AAGCAAACTCCTGTCTCCACTC CTATGGCATCTGAGTCCACAGT
fmod +4.4 CGACCTTTCAGCCTCTTTCTAA AGTGGGAGGGAAATTAAATGCT
gpc1 -16.8 TGAGGAGTCTTGTTGTCCTCCT GCTGAGAGCCTTTAGATGTTCA
hoxa9 TSS ATGTTGACTGGCGATTTTCC AGAGAACTGCCAACCCTCAA
hoxc8 +0.9 CTGGGAGATTGAAAGGCTTG ATCTCCCCAACTTTGGCTTT
meg3 TSS AAACAACGCTCTCCTTTCCTAAG AAATAACCCCAACTGGTGATTG

mmp14 +1.7 TCTGCTCTAAGTGGGTCATGGT CTCTCCAGCTCAACATCAAGTCT
pcolce +0.16 TGTGGAAGCCATCTGAAAGATA GCTGCCCTAACCTCCTTTCT
postn -2.5 CATCCTGCTTATGGTTTGTGTG CATTACACTGCCACGCTTACTC

sema5b +132 AAACCTCAAAGCCCAGGACACA ACTTGGTCCCGAGTTGATGGAA
zic3 -2.9 CGCAAGTCTTTCCCAGAGTC TTGGTATGGGTGGGAGTTTC

Real-time PCR primers
Gene Name Forward primer Reverse primer
ActB CTCCCCGGGCTGTATTCC CCTCTCTTGCTCTGGGCCTC
Bglap1 (osteocalcin) AGGAGGGCAATAAGGTAGTGAAC ACAAGCAGGGTTAAGCTCACA
Col1a1 CGGCTCCTGCTCCTCTTAG GACCCTTAGGCCATTGTGTATG
Col1a2 GCAGGTTCACCTACTCTGTCCT AGGCGAGATGGCTTATTTGTT
Dcn GCTAGACCTGCAAAACAACAAA GTTTGAATGCCTCTGGACTGAT
Ibsp AAATGGAGACGGCGATAGTTC GTCTTCATTCCCCTCAGAATCTT
Prdm5 TCAGAAAAGCGGCCTTATAACTG CCACTTGATCGAGCCTCTTGAAG
Rpl0 TTCATTGTGGGAGCAGAC CAGCAGTTTCTCCAGAGC
Rrn18s TTGACGGAAGGGCACCACCAG GCACCACCACCCACGGAATCG
Runx2 CGGGAATGATGAGAACTACTCC CCACAAATCTCAGATCGTTGAA
Sp7 (Osterix) CTACCCAGCTCCCTTCTCAAG GGGTGGGTAGTCATTTGCATAG
Ubc AGCCCAGTGTTACCACCAAG ACCCAAGAACAAGCACAAGG
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Extended experimental procedures 

 

Cell culture, differentiation protocols and transfections 

293FT, HEK293 and HEK293 cells containing an integrated GAL4TKLuc reporter (kind gift of Klaus Hansen, BRIC, 

Denmark) were maintained in DMEM with 10% FBS (Hyclone) and 1% penicillin-streptomycin (Gibco). Mouse embryo 

fibroblasts were isolated from E13.5 embryos from Prdm5+/LacZ intercrosses and maintained in DMEM with 10% FBS 

(Gibco) and 1% penicillin-streptomycin (Gibco). MC3T3 cells (kindly provided by Finn Skou Pedersen, Aarhus University, 

Denmark) were maintained in Alpha-MEM (Gibco) with 10% FBS (Hyclone) and 1% penicillin-streptomycin (Gibco). 

ATDC5 cells (kindly provided by Vladimir Zachar, Aalborg University, Denmark) were maintained in DMEM:F12 media 

(Gibco) supplemented with 5% FBS, 10 µg/ml human transferrin (Roche) and 30 nM sodium selenite (Sigma). Calvarial 

osteoblasts were derived as previously described [21]. Briefly skulls from new-born mice (P0) were dissected in Alpha-

MEM+1%P/S and treated first with 0.05% Trypsin (Gibco) and Dispase I (sigma) by shaking at 37ºC. To release 

osteoblastic cells, 3 sequential treatments with 2.5mg/mL Collagenase A (Roche) were performed followed by serum 

inactivation and culturing in Alpha-MEM with 10%FBS (Gibco) and 1%P/S. For osteogenic differentiation, media was 

supplemented with 50 µg/mL ascorbic acid (Sigma) and 10mM beta-glycerol phosphate (Sigma) and replaced every 48 

hours. For chondrogenic differentiation, media was supplemented with 10 µg/mL Insulin (Gibco) and replaced every 48 

hours. To evaluate calcium nodule formation cells were fixed with 96% Ethanol, stained with 1% Alizarin red (Sigma) and, 



after washes, Alizarin red was extracted with 10% cetydilpiridinium chloride (Sigma) and absorbance at 562 nm measured 

using a GloMax ELISA Reader (Promega). To evaluate glycosaminoglycan nodule formation cells were fixed with ice cold 

methanol and stained with 1% Alcian Blue (Sigma) and, following washes, the staining was extracted with guadinium-

hydrochloride (Sigma) and absorbance at 620 nm measured using a GloMax ELISA Reader (Promega). Lentivirus-mediated 

knockdowns were performed by packaging pLKO.1 constructs (Sigma negative control SHC001, shPrdm5-a 

TRCN0000081590 and shPrdm5-b TRCN0000081591) into viral particles by cotransfection with pAX8 and VSV plasmids 

(Addgene) in 293FT cells. Overexpression was performed by transduction with retroviruses produced by transfection of 

Phoenix packaging cells with pBabe-GFP or pBabe-FLAG-PRDM5 vectors (kind gift of Myriam Alcalay, IFOM, Italy). 

Transient Prdm5 knockdown was achieved by transfecting 50nM of siRNAs with DharmaFECT1 reagent (Dharmacon) 

according to manufacturer’s instructions. siRNA sequences against Prdm5 were obtained from Dharmacon (siPrdm5-1, M-

056266) and from Sigma (siPrdm5-2, SASI_Mm01_00157634). Negative control oligo was purchased from Qiagen (“All-

star negative”, 1027280). 

 

Micro Computed tomography (micro-CT) and peripheral quantitative computed tomography (pQCT). 

Micro-CT scanning (scanner model 1172, Skyscan, Belgium) was performed at 50 kV, 200 µA and a 0.5 mm aluminium 

filter. The pixel size was 12 µm. Two images were captured every 0.7° through 360° rotation of the sample, the exposure 

time per image was 295 ms. The x-ray images were reconstructed using Skyscan NRecon software set with a dynamic range 

of 0 to 0.025 and analyzed using Skyscan CT analysis software. Bone volume was determined for the entire embryo and 

normalized to total embryo volume. Littermates’ comparisons were analyzed by unpaired T-test with Welch correction. 

pQCT analysis was carried out using Stratec XCT Research SA+ (Stratec Medizintechnik GmbH, Germany). The spatial 

resolution was set to 70 µm, and the distal femoral metaphysis of the left femur from each mouse was examined to obtain 

volumetric bone mineral density, content and area of the trabecular, cortical, and total bone. The reference line for the CT 

scans was set at the most distal point of the femur (knee joint space). At 3.0 mm proximal from the reference line, two slices 

were taken at 0.20 mm intervals and at 6.0 mm proximal from the reference line one slice was taken to give characteristic 

cross sections of the femoral metaphysis. The CT slices were analyzed using contour mode 1, cortmode 1, and peelmode 2 

to evaluate trabecular and cortical parameters. For detection of the outer contour of bone the threshold was set at 350 



mg/cm3 and the trabecular bone region was defined by setting an inner threshold of 450 mg/cm3.  Data were analysed by 

student´s T-test. 

 

Prdm5 antibodies generation 

Prdm5 rabbit polyclonal antibodies were generated by immunizing rabbits with a recombinant fragment encompassing 

amino acids 1-142 of human PRDM5 fused to GST. The serum was affinity purified using columns with immobilized GST-

PRDM5 (1-142), while GST-specific antibodies were removed on columns with immobilized GST. The antibodies were 

concentrated on Hi-trap Protein-G columns (GE-healthcare, cat. 17-0404-03). Mouse serum anti-PRDM5 was obtained by 

immunizing BALB/c mice with the same immunogen PRDM5 (1-142). 

 

Immunoblotting 

Cells were harvested and lysed in RIPA buffer supplemented with protease inhibitor cocktail (Roche). For Decorin core 

protein detection, cells were pre-treated with 100 µU/µl Chondroitinase ABC (Sigma, EC 4.2.2.4, see (Couchman and 

Tapanadechopone 2001)). Total proteoglycans from culture media were purified using DEAE-Sephacel (GE Healthcare 

Life Sciences) upon addition of Urea. Protein samples were resolved on SDS-page, transferred onto nitrocellulose 

membranes and probed with antibodies against Prdm5 (this study), Vinculin (Sigma, V-9131), GFP (Santa cruz, sc-8334), 

HA (Biosite, MMS-101P), Collagen I (Abcam, ab34710), GAL4 (Santa cruz, SC-577), Tubulin (Abcam, ab11304), Decorin 

(R&D systems AF1060), Fibronectin (Yoneda et al. 2007), RNA PolII (Santa Cruz, sc-899), pS2 RNA PolII (Abcam, 

ab5095) .  

 

Immunofluorescence microscopy  

For immunofluorescence staining, limbs from WT and mutant E16.5 embryo littermates were formalin fixed, paraffin 

embedded in the same block and sectioned at 2 µm. Sections were deparaffinized with xylene and rehydrated through 

graded alcohols into distilled water. Heat induced antigen retrieval was performed in 0.01 M citrate buffer pH 6.0. For 

Decorin detection, instead of antigen retrieval, pre-digestion with 100 µU/µl Chondroitinase ABC in PBS pH 7.4, 

containing 30 mM sodium acetate for 30 minutes at 37°C was applied. After several washes in PBS, the sections were 

incubated with 5% (v/v) normal serum (NGS or NMS, normal goat or normal mouse serum; Chemicon) in PBS for 20 



minutes, followed by primary antibody incubation (diluted in 2% (v/v) NGS or NMS in PBS) for 2 hours. Antibodies used 

were Osterix (Abcam ab22552), Mmp13 (Millipore AB8120), Vegfa (Abcam ab46154), Collagen I (Abcam ab34710), 

Decorin (R&D systems AF1060). Sections were thoroughly washed three times in PBS before incubation with Alexa Fluor 

647 conjugated IgG (H+L) of appropriate secondary antibodies (Molecular Probes, Invitrogen, diluted in 2% (v/v) NGS in 

PBS or NMS in PBS) for 1 hour. After final washes in PBS, sections were mounted with Prolong Gold Anti-Fade 

containing DAPI (Molecular Probes, Invitrogen). Fluorescent images were captured and analyzed on a Zeiss Axioplan-2 

microscope and images were processed using Metamorph and Adobe Photoshop CS4. 

 

DNA pull-down 

Nuclei from HEK293 cells transfected with empty or HA-PRDM5 overexpressing vector were isolated using the Nuclei EZ 

prep isolation kit (Sigma) and lysed in HKMG buffer containing 10mM Hepes pH 7.9, 150mM KCl, 5mM MgCl2, 10% 

glycerol, 0.5% Igepal, 1mM DTT (chemicals from Sigma) and protease inhibitor cocktail (Roche). Lysates were pre-cleared 

with Streptavidin Sepharose beads (GE healthcare) and subsequently incubated overnight with 10 ug polydIdC (Sigma) and 

0.2 ug double stranded biotinylated oligos (wild type sense sequence is 5’-

GGGTGATACTGGTGCCCCCGGAGCTCCCGGT-3’ and mutated sequence is 5’-

GGGTGATACTATTGCCTTCATAGCTTTCTGT-3’). Nucleoprotein complexes were recovered by incubation with 

Streptavidin Sepharose beads and, after washes, proteins were resuspended in sample buffer for SDS-PAGE analysis. 

 

Chromatin immunoprecipitation 

Cells growing in monolayer were cross-linked in 1% formaldehyde for 10 minutes at room temperature after which the 

reaction was stopped by addition of 0.125M glycine. Cells were lysed and harvested in ChIP buffer (100 mM Tris at pH 8.6, 

0.3% SDS, 1.7% Triton X-100, and 5 mM EDTA) and the chromatin disrupted by sonication using a Diagenode Bioruptor 

sonicator UCD-300 to obtain fragments of 200-500 bp in size. Suitable amounts of chromatin were incubated with specific 

antibodies overnight. Antibodies used were IgG (Sigma, I8140), Gal4 (Santa cruz, sc-577), commercial Prdm5 (Abgent 

AP1205A, Abcam ab47066, Lifespan LS-B1982, Santa cruz SC-48653 and SC-48656), Prdm5-Ab1 and Prdm5-Ab2 

(described above), H3K4me3 (Cell signaling, 9751), H3K9me3 (Cell signaling, 9754) and RNA PolII (Santa Cruz, sc-899), 

H3K4me1 (Abcam, ab8895), H3K27ac (Abcam, ab4729). Immunoprecipitated complexes were recovered on Protein-G 



agarose beads (Pierce) and, after extensive washes, DNA was recovered by reverse crosslinking and purification using 

QIAquick PCR purification kit (Qiagen). Primer sequences used for ChIP-qPCR experiments are listed in Table S3. 

 

Bioinformatic analyses 

ChIP-seq data were mapped over the mouse reference genome (mm9) using SHRIMP software (Rumble et al. 2009) 

keeping only the first best alignment. Aligned data were filtered to keep only alignments without sequencing errors, with a 

single unique mapping position and with no more than one mismatch: 39.4 x 106 reads (97.8%) were mapped for the IgG 

sample, 33.8 x 106 reads (89.2%) for Prdm5-Ab1 and 40.2 x 106 reads (97.2%) for Prdm5-Ab2. Peak segmentation was 

done using MACS version 1.3.7.1 (Zhang et al. 2008) using as background the IgG data (parameters: FDR<0.1, bw=250, 

mfold=1). Peaks detected by Prdm5-Ab1 (n=2606) and Prdm5-Ab2 (n=5528) were mapped with respect to TSS using the 

Bioconductor package ChIPpeakAnno (Zhu et al. 2010) and only those sharing overlaps between Prdm5-Ab1 and Prdm5-

Ab2 peaks were retained (n=1712). Subsequent analyses were performed considering peaks associated to Prdm5-Ab1, as 

peaks generated with this antibody are sharper than the ones with Prdm5-Ab2 probably due to different affinity of Prdm5-

Ab1 to Prdm5 protein (data not shown). Prdm5 target regions were classified into four categories, according to their 

distance from the transcription start site of the closest gene: intergenic (>-20 kb, 316 peaks), upstream (between -20kb and -

2 kb, 233 peaks), promoter (between -2kb and +0.5 kb, 496 peaks) and gene body (from +0.5kb to the transcription 

termination site, 667 peaks). ChIP-seq tracks were generated using Bowtie software (Langmead 2010).  

To determine Prdm5 consensus sequence, “high quality” peaks were determined by manual curation. A manual score 

ranging from 0 to 2 was constructed on the basis of two parameters: 1) the presence of asymmetry between peaks on the 

plus and the minus strand; 2) maximum peak coverage of at least 20 tags. Score 0 refers to peaks characterized by lack of 

asymmetry on plus and minus strand. Score 1 refers to peaks characterized by clear asymmetry between plus and minus 

strand but the maximum coverage was < 20. Score 2 refers to peaks characterized by clear asymmetry between plus and 

minus strand and a maximum coverage of at least 20. 

The Prdm5 consensus sequence was defined using Weeder tool (Pavesi et al. 2004) using only the subset of peaks with a 

quality score of 2. The sequences defined by the central peak region, located between the plus and minus strand maximum 

coverage (defined as “shrunk peaks” in the main text), were applied to Weeder. Motifs detected by Weeder were used to 

generate a Slogos representation of Prdm5 consensus sequence as in (Schneider et al. 1986), using the seqLogo 



Bioconductor package. The same Slogos representation was made also for the consensus motif identified from the 41 

sequences retrieved by [4]. Prdm5 target regions were annotated to gene ontology via the GREAT software 

(http://great.stanford.edu/public/html/index.php). 

Microarray data analysis. Raw intensity data were obtained from Genome Studio 2011.1 (Illumina). Raw data were loaded 

on oneChannelGUI (Sanges et al. 2007), Log2 transformed and normalized using the Loess method (Schmid et al. 2010). 

Intensity distributions of Prdm5 target genes and all genes in the Illumina beadchip array were compared to each other using 

a Q-Q plot which is a graphical method for comparing two probability distributions by plotting their quantiles against each 

other. If the two distributions being compared are similar, the points in the Q-Q plot will approximately lie on the diagonal 

(represented by a red line).  
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