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Mechanisms directing chondrocyte specification in the developing limb

Jacqueline Lee Norrie, Ph.D.

The University of Texas at Austin, 2016

Supervisor: Steven A. Vokes

During limb development, skeletal elements originate from highly proliferative
mesodermal progenitor cells that differentiate into chondrocytes. While this process must
be tightly regulated to ensure proper size and specialization of cartilage elements, the
mechanisms behind the maintenance of mesodermal progenitor cells and the initiation of
differentiation is poorly understood. Bone morphogenetic proteins (BMPs) are early
drivers of chondrogenesis, promoting compaction and the initiation of differentiation, but
their biological role in limb development remains controversial. To address both the
mechanism and timing of BMPs role in chondrogenesis we created a new mouse model to
inhibit overall BMP signaling in the limb. With reduced BMP signaling during a precise
24-hour time window there is increased proliferation and delayed differentiation leading to
polydactyly. Additionally, in an effort to identify regulators of chondroprogenitor cell
maintenance, we found that PRMTS, a protein arginine methytransferase essential for stem
cell pluripotency, is dynamically expressed in the distal undifferentiated limb. We found
that loss of PRMTS in the limb results in apoptosis of distal chondroprogenitor cells leading
to severe limb truncations and unique autopod defects. We show that PRMTS5 is essential

for the maintenance of chondroprogenitor cells in the limb.
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Chapter 1: Chondrogenic differentiation

1.1: CHONDROGENIC DIFFERENTIATION IN THE DEVELOPING LIMB

Throughout development, embryos need to maintain a precise balance between cell
proliferation and differentiation in order to form tissues of the right size and specialization.
The importance and complexity of this balance is exemplified in appendicular skeletal
formation during mouse limb development (Barna and Niswander, 2007; Bi et al., 1999;
Goldring, 2012). During chondrogenic differentiation in the limb, there is a distal, highly
proliferative population of chondroprogenitor cells that contribute cells to the
differentiating chondrocytes of the proximal limb (Boehm et al., 2010; Suzuki et al., 2008).
How these chondroprogenitor cells are maintained and how differentiation signals initiate

their fate decisions are still not fully understood.

1.2: LIMB DEVELOPMENT

Limb development begins as an out-pocketing of cells from lateral plate mesoderm.
These mesenchymal cells are surrounded by a thin layer of ectoderm which, at the distal
tip of the limb, forms a structure known as the apical ectodermal ridge (AER). The AER is
a signaling center for growth factors, such as FGFs, that are important for cell survival and
proliferation (Ahn et al., 2001; Bénazet et al., 2009; Khokha et al., 2003; Lewandoski et
al., 2000; Martin, 1998; Verheyden and Sun, 2008). Together FGFs, sonic hedgehog

(SHH), and Gremlinl (GREM1) form a signaling loop which drives limb outgrowth and



inhibits differentiation, driven by Bone Morphogenetic Proteins (BMPs) (Bastida et al.,

2009; Buckland et al., 1998; Norrie et al., 2014; Pajni-Underwood et al., 2007).

BMPs —/
'l' FGFs

Figure 1.1: FGF-SHH feedback loop. FGFs from the AER (pink) activates SHH in the
posterior limb, which in turn signals to GREM1, a BMP inhibitor.

Eventually, BMPs become upregulated and cells in the proximal limb will begin to
differentiate (Badugu et al., 2012; Bandyopadhyay et al., 2006; Norrie et al., 2014; Robert,
2007; Yoon and Lyons, 2004). These cells begin expressing Sox9, the earliest marker of
chondrogenesis, condense, and differentiate into chondrocytes (Bell et al., 1997; Bi et al.,

1999; Wright, 1995).

1.3: BMP SIGNALING IN LIMB DEVELOPMENT

BMPs are secreted ligands that, in canonical BMP signaling, bind to an
extracellular BMP receptor and initiate the phosphorylation of Smads 1, 5, and 8. Together
with co-Smad4, phospho-Smad1,5,8 will enter the nucleus and activate transcriptional

targets (Derynck and Zhang, 2003; Suzuki et al., 2008). While it is known that BMPs can
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drive cellular compaction and chondrogenic differentiation (Barna and Niswander, 2007),
there are several complexities concerning BMP signaling that have made fully
understanding the early roles for BMPs in initiating chondrogenic differentiation within

the developing limb difficult.

Figure 1.2: Canonical BMP signaling. BMP ligand binds the BMP receptor which
phosphorylates Smad 1/5/8. Together with Smad4, pSmad 1/5/8 enters the
nucleus to activate transcriptional targets.

There are three partially redundant BMPs (BMP 2, 4, 7) in the limb that are
necessary for multiple functions at several timepoints during limb development
(Bandyopadhyay et al., 2006; Choi et al., 2012; Pignatti et al., 2014). For this reason, it has
been difficult to perform genetic analyses to tease out the underlying principles of BMP
signaling and differentiation of the limb. Due to these challenges, there is conflicting

evidence supporting the role of BMPs in digit formation. Loss of different combinations



of the 3 BMPs or downstream factors has led to opposing phenotypes, ranging from
polydactyly to severe limb truncations (Bandyopadhyay et al., 2006; Selever et al., 2004).
These contradictory results demonstrate that the precise role of BMP signaling in limb
differentiation is still unclear. To define precisely the mechanisms of BMP activity in the
limb, we generated a novel mouse model that revealed a critical developmental time

window in which BMPs are necessary to regulate differentiation (Chapter 2).

1.4: CHONDROPROGENITOR CELL MAINTENANCE

In contrast with differentiating cells, mesenchymal progenitor cells at the distal
region of the limb are important for driving continued growth and proliferation (Fallon,
1994; Rowe and Fallon, 1982; Suzuki et al., 2008). These cells have been shown to have
both a higher rate of proliferation and a shorter cell cycle than the more proximal limb
(Boehm et al., 2010). As limb development continues it is thought that these progenitor
cells become further restricted to the distal tips of the developing digit rays. A study in
chick embryos showed that cells just proximal to the AER at the top of each digit ray
contribute to ray growth in a proximal to distal fashion (Suzuki et al., 2008). This area,
known as the phalanx-forming regions (PFR), has been identified as an important
progenitor population directing proper growth of the digits (Suzuki et al., 2008). Still,
factors that regulate and maintain this population remain elusive.

PRMTS, a protein arginine methyltransferase, is known to play essential roles in
stem cell and progenitor cell populations throughout development and adult homeostatis

(Ancelin et al., 2006; Kim et al., 2014; Liu et al., 2015; Nagamatsu et al., 2011; Tee et al.,
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2010; Wang et al., 2015a; Wang et al., 2015b). Specifically, PRMTS5 regulates cell
proliferation and inhibits differentiation via methylation of histones on H4R3 and H3RS8
(Di Lorenzo and Bedford, 2011; Pal et al., 2007; Tarighat et al., 2015; Zhao et al., 2009).
However, due to its essential roles in stem cells and primordial germ cells, complete
knockout of Prmt5 is early embryonic lethal and its function in later embryogenesis has
yet to be explored. We have found that it is highly expressed in many progenitor cell
populations during embryogenesis including the brain, presomitic mesoderm, and the limb
bud (Fig. 3.1). Specifically, in the limb bud, its expression pattern overlaps with the
progenitor cell population in the distal limb. Using a conditional Prmt5 knockout we have
discovered a novel role for PRMTS in the essential maintenance of limb chondroprogenitor

cells (Chapter 3).

1.5: CONCLUDING REMARKS

Chondrogenesis depends on the maintenance of the progenitor cell population in
the distal limb and differentiation in the proximal limb, but the mechanisms underlying
these processes are still unclear. Here, we will identify the mechanism through which BMP
activity controls digit number and differentiation (Chapter 2) and the role PRMTS plays in

maintaining undifferentiated chondroprogentitor cells in the distal limb (Chapter 3).



Chapter 2: The dynamics of BMP signaling in limb mesenchyme and
polydactyly

Portions of this chapter are modified with the permission from the authors. Norrie, J.L.,
Lewandowski, J.P., Bouldin, C.M., Amarnath, S., Li, Q., Vokes, M.S., Ehrlich, L.I.R.,
Harfe, B.D., Vokes, S.A. Dynamics of BMP signaling in limb bud mesenchyme and
polydactyly. Developmental Biology (2014) 393(2):270-281

Jacqueline Norrie, under the advisement of Steven Vokes, completed all experiments and
quantification unless otherwise stated here. Jordan Lewandowski completed the limb
mesenchymal cultures in Figure 2.14 and qPCR in Figures 2.11 and 2.12. Cortney
Bouldin and Brian Harfe created the Rosa® """ stem cells. Qiang Li made the Rosa® """
mouse line and assisted with breeding. Smita Amarnath assisted with the
immunostaining in Figure 2.10. Martha Vokes quantified the mitotic index in Figure

2.10. Lauren Ehrlich assisted with the flow cytometry protocol and analysis in figures

2.10 and 2.11.

2.1: INTRODUCTION

Digit specification occurs within a complicated milieu of signaling pathways.
Ultimately, the formation of digits is the product of regulated growth and patterning that
initiate and modulate chondrogenic regulatory networks (Lopez-Rios et al., 2012; Sheth et
al., 2012; Towers et al., 2008). Mutations in a surprisingly large number of genes cause the

formation of extra digits (polydactyly) (Biesecker, 2011). Most of these genes likely
6



perturb the activity or output of a core signaling network that regulates proliferation and
patterning in the limb bud. One of the defining features of the network is a set of iterative
interactions between the limb mesenchyme and apical ectodermal ridge (AER)
(Rabinowitz and VVokes, 2012).

The AER, a structure formed at the distal intersection of the dorsal and ventral
ectoderm, expresses four FGF genes (Fgf4, Fgf8, Fgf9, Fgfl7). These genes are redundant
but Fgf8 is the most important, as it is widely expressed and can maintain relatively normal
limb development even in the absence of the other three genes (Lewandoski et al., 2000;
Mariani et al., 2008). AER FGFs are involved in promoting distal fates as well as in
mediating several processes during limb development: sculpting morphology, promoting
cell survival, and regulating cell velocity (Cooper et al., 2011; Gros et al., 2010a; Mariani
et al., 2008; Rosello-Diez et al., 2014; Sun et al., 2002; Verheyden, 2005).

In contrast to the actions of FGF proteins, BMP ligands are required for
differentiation, where they promote exit from the cell cycle and, in the digits, chondrogenic
fates (Benazet et al., 2012; Lopez-Rios et al., 2012). Three BMP proteins (BMP2, 4 and 7)
are expressed in the limb with BMP4 exhibiting the most central role in digit patterning
(Bandyopadhyay et al., 2006; Benazet et al., 2009; Selever et al., 2004). BMPs work in
part by promoting compaction of mesodermal cells into cartilage elements (Barna and
Niswander, 2007). In the complete absence of BMP activity, cartilage cells do not form in
the autopod, resulting in a lack of digit formation (Benazet et al., 2012). Limb buds
containing reduced levels of BMP activity often have varying degrees of digit loss,

suggesting that BMP activity promotes digit formation (Badugu et al., 2012;
7



Bandyopadhyay et al., 2006; Ovchinnikov et al., 2006). On the other hand, conditional
inactivation of Bmp4 after the limb bud has initiated results in polydactylous limbs
(Benazet et al., 2009; Selever et al., 2004). One proposed explanation for these
contradictory phenotypes is that BMP4 mutations result in a feedback loop triggering
upregulation of overall BMP (Badugu et al., 2012). Alternatively, lowered BMP4 signaling
downregulated total BMP levels, suggesting that reductions in BMPs actually promote the
formation of extra digits.

Not surprisingly, BMP activity within the limb bud is tightly regulated. Posteriorly
expressed Sonic hedgehog (SHH) causes the upregulation of the BMP inhibitor Gremlin
(GREM1) (Hsu et al., 1998). In the absence of GREML1 activity, BMP signaling is
prematurely upregulated in the limb bud, resulting in the formation of fewer digits (Benazet
et al., 2009; Khokha et al., 2003; Michos et al., 2004). Conversely, introduction of a
GREM1-expressing virus in chick limb buds, results in the increased limb growth and a
lack of cartilage formation (Harfe et al., 2004).

Given the central role that GREML1 plays in regulating BMP activity, it is not
surprising that the correct temporal termination of Grem1 is critical for terminating digit
growth and initiating chondrogenesis. Grem1 is normally down-regulated in the distal limb
by high levels of AER-derived FGFs (Verheyden and Sun, 2008). In addition, the
descendants of SHH-producing cells do not express Grem1 (Harfe et al., 2004). Grem1 is
also repressed by direct transcriptional inputs from GLI3 and TBX2 in the anterior and
posterior margins of the limb, respectively (Farin et al., 2013; Li et al., 2014; Litingtung et

al., 2002; te Welscher, 2002; VVokes et al., 2008).
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In this study, we have generated a Cre-inducible allele of Grem1 and used it to
temporally inhibit BMP activity in the developing limb bud. Reduced levels of mesodermal
BMPs over a defined time interval result in polydactylous hindlimbs. The polydactyly is
preceded by enhanced rates of proliferation that correlate with persistent FGF activity.
Although the first digit rays initiate normally, they have reduced levels of SOX9 and
delayed differentiation. This results in persistent populations of undifferentiated
chondrocytes at the anterior and posterior margins of the limb bud. We suggest that the
delayed differentiation of these populations is likely due to the combined influences of

reduced BMP activity along with upregulated FGF activity.

2.2: ACTIVATION OF AN INDUCIBLE GREMLIN ALLELE RESULTS IN POLYDACTYLY

In order to inhibit overall BMP signaling within the limb we decided to generate a
Cre-inducible knock-in allele that would allow us to misexpress Gremlin, a secreted protein
that has previously been shown to inhibit all limb BMPs (BMP2, 4 and 7) (Eimon and
Harland, 1999; Hsu et al., 1998). Mice containing the Rosa®"™™" allele (hereafter referred
to as RG) were crossed with a limb specific Cre, Prx1Cre (Logan et al., 2002), to induce
ectopic Gremlin expression throughout the limb mesenchyme. Gremlin is endogenously
expressed in a distinct crescent in the limb bud (Fig. 2.1A) while PrxCre*-;Rosa®remin’+
(henceforth referred to as ‘Prx-RG’) embryos expressed Gremlin broadly throughout the
mesenchyme in a pattern superimposed on the endogenous domain (Fig. 2.1B). Prx-RG
embryos activate Gremlin in the limb mesenchyme but not in the overlying AER, which

also expresses BMPs.



Wild-type Prx-RG

C E115 E16.5

WT RG|WT RG

pSmad g
1,5,8

Gremiin

MSXZ2

Fold Change

Figure 2.1: Ectopic Gremlin inhibits BMP signaling. /n-situ hybridization for Gremlin
at E11.75 (A-B). Note Gremlin expression throughout the limb mesenchyme
in the Prx-RG (B). Prx-RG hindlimbs have reduced pSMAD1/5/8 levels on
Western blots at 11.5 (53% reduction P=.0001) and continue to have reduced
levels in E16.5 autopods (29% reduction P=0.04; normalized to beta-actin
levels). In-situ hybridization for Msx2 at E11.75 showing decreased
expression in Prx-RG limb mesenchyme (D, E). There is a corresponding
~70% decrease in Msx2 levels (P<0.05) Error bars indicate the standard error
of mean (F).

By E11.5, Prx-RG limb buds had significantly reduced levels of phosphorylated
SMAD 1/5/8 proteins, and this inhibition persisted at least until E16.5 (Fig. 2.1 C).
Expression of the BMP target gene Msx2 (Lallemand, 2005; Pizette et al., 2001) was
reduced by approximately 70% at E11.75 when quantified by gRT-PCR (Fig. 2.1 F). When
visualized by in situ hybridization, Msx2 was strongly reduced in the mesenchyme with
some expression persisting in the AER (Fig. 2.1D-E). BMPs have previously been shown

to auto-regulate their expression in the limb bud (Khokha et al., 2003; Michos et al., 2004).
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Consistent with these reports, Bmp4 and Bmp7 have significantly increased expression in
Prx-RG limb buds (Fig. 2.2). We conclude that the Prx-RG allele has significant reductions

in BMP signaling activity in the hindlimb mesoderm.

Wild-type Prx-RG
‘ ) Bmp2 =

508

Bmp7

Figure 2.2: Ectopic expression of Gremlin causes an upregulation in BMP
transcription. /n-situ hybridization with somite stages indicated in the
bottom right for Bmp2 (A,B), Bmp4 (D,E), and Bmp7 (G,H) show increased
BMP expression in Prx-RG hindlimbs compared to sibling wild-type controls.
Quantification by qRT-PCR showing a significant increase in both Bmp4 and
Bmp7 expression in Prx-RG hindlimbs (P<0.05) (F.I). Error bars indicate the
standard error of mean (C,F,I).

To determine the result of reduced BMP levels, we examined Prx-RG skeletal
preparations. The majority of Prx-RG embryos lacked forelimbs, containing only some

residual cartilage attached to the scapula (7/10 embryos; Fig. 2.3). Of the remaining
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embryos, two had reduced numbers of digits on both forelimbs while the third had

polydactyly on both forelimbs (Appendix A, Table 1).

Msx2
A C

Fgf4

Fgf8 Spry4 Shh

Wild-Type
ceal
e

Forelimb

Prx-RG

Figure 2.3: Loss of BMP in Prx-RG results in severe limb truncations. E18.5 skeletal
preparations for WT and Prx-RG forelimbs. Most Prx-RG embryos lack
forelimbs except for pieces of cartilage attached to the scapula (A, G). In situ
hybridization for Msx2, Fgf4, Fgf8, Spry4, and Shh (B-F, H-L). Note the
dramatic size reductions within the limb and AER.

The forelimb phenotype was grossly evident at E11.5, with shriveled limb buds
containing only small patches of AER and an absence of Shh expression (Fig. 2.3 F-J, L-
P). These phenotypes are consistent with previous reports indicating a transient early role
for BMP signaling in AER formation (Ahn et al., 2001; Benazet and Zeller, 2013; Pajni-
Underwood et al., 2007; Pignatti et al., 2014). We speculate that there is variability in the
onset of Prx-Cre activity, as a later onset would explain why 3 embryos formed digits in

the forelimbs.
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Wild-Type Prx-RG Length of Full Digits Length of Digit Components

A B c A—P. ., A—P |D * CJWT
e Nv _ 3 =3 BRG
g 5 z’ E’"Z §,2 §
-g A) B: EE <
T e o ‘}“_'_“\”\’ %)V1 ga1
—MT PP IPDP MT PPIPDP |(O o
MT PP _IP_DP Sum

Figure 2.4: Loss of BMP in Prx-RG results in decreased digit length. Skeletal preparations
of E18.5 hindlimbs (A,B). The corresponding middle digit (arrowheads) for
each hindlimb is also shown in a dissected, magnified view (A’,B’). RG
hindlimb digits are shorter and more uniform. Digit length was measured from
the proximal end of the MT to the tip of the DP. The average length of each
digit is shown starting with the most anterior digit, regardless of total digit
number, and ending with the posterior most digit (WT, n=7; RG, n=6)(C).
Individual digit elements are uniformly shorter in Prx-RG digits compared to
wild-type siblings. ‘Sum’ indicates the sum of the average measurements for
the MT, PP, IP and DP eclements (asterisk indicates that a statistically
significant difference (P<0.05 ; WT, n=6; RG, n=5) (D). Error bars indicate
the standard error of mean (C,D). Abbreviations: MT, metatarsal; PP,
proximal phalange; IP, intermediate phalange; DP, distal phalange.

In contrast, the hindlimbs were completely formed with normally patterned
stylopod and zeugopod elements (Fig. 2.4 A, B). The difference in phenotypes between the
forelimb and hindlimb is likely caused by the earlier activation of the Prx-Cre transgene in
the forelimb relative to the hindlimb (Logan et al., 2002). This would in turn inhibit BMP

signaling at an earlier stage in forelimb development when the AER still requires BMPs.
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Figure 2.5: Loss of BMP signaling results in polydactyly. E18.5 hindlimbs (A-B) and
skeletal preparations (C,D). Prx-RG hindlimbs have fully penetrant
polydactylous hindlimbs along with soft tissue syndactyly (B,D).

The autopods had fully penetrant soft tissue syndactyly and polydactyly that
ranged from 6-9 digits (mean=7.2; SD=0.92, n=10 embryos; Fig. 2.4 A,B; 2.5 A-D; Table
1). All embryos had a transformation of digit 1 (‘big toe’) from a shorter digit with 2
phalanges to a longer digit with 3 phalanges. Digits from RG embryos were significantly
shorter than their wild type counterparts and they were also more uniform in length (Fig.
2.4 C, D). Each of the individual metatarsal and phalange elements comprising the
shortened digits were proportionally reduced, indicating that this is a general shortening of
the digit (Fig. 2.4 D). Compared to sibling controls, the phalanges had delays in ossification
that were most pronounced at the digit tips (Fig. 2.5 C,D). Similar delays were noted in the
posterior regions of ShhCre*":RG digits (Fig. 2.6 A-D; Appendix A, Table 2), indicating

that polydactyly can occur in both the anterior and posterior margins.
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Figure 2.6: Activation of Gremlin in the Shh domain causes posterior polydactyly. Skeletal
preparations of E18.5 embryos (A-D). ShhCre-RG embryos have posterior
polydactyly. The ShhCre-RG forelimbs (B) have either a preaxial polydactyly
(n=1/4) or large nubs in the posterior (n=3/4). The ShhCre-RG hindlimbs (D)
had posterior polydactyly (n=3/4) or multiple posterior distal bifurcations.

2.3: TEMPORAL WINDOW FOR BMP-DEPENDENT REGULATION OF DIGIT NUMBER

Inhibiting BMPs could potentially cause polydactyly during a wide developmental
time window. To determine the temporal range, we analyzed RG embryos containing
HoxB6CreER, a tamoxifen-inducible Cre that has activity throughout hindlimb mesoderm
(Nguyen et al., 2009). This approach allowed us to assay embryos expressing either one or
two copies of RG (abbreviated as HoxB6CreER-RG or HoxB6CreER-RG/G, respectively).
As a control, we established that siblings that did not contain HoxB6CreER (but also
received tamoxifen) had normal, pentadactylous limbs. While we report phenotypes for the
forelimb skeletal preparations (Fig. 2.7; Appendix A, Table 3), we focused on the hindlimb
because HoxB6CreER is only active in the posterior portion of the forelimb (Nguyen et al.,

2009).
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Figure 2.7: Temporal inhibition of BMP in forelimbs. Pregnant mice were injected with
tamoxifen (A) at intervals between E9.5 and E11.5 (white bars). Effective
activation of ectopic Gremlin (red bars) occurs approximately 8-12 hours later
(white bars). Embryos were analyzed by skeletal preparation at E18.5 (B-K).

To determine the range over which BMPs regulate digit humber, we injected
pregnant mice at 12-hour intervals between E9.5 and E11.5. The HoxB6CreER mouse line
causes efficient recombination at the Rosa26 locus between 8-12 hours after Tamoxifen
injection (Nguyen et al., 2009; Zhu et al., 2008); the interval between tamoxifen injection
and the onset of BMP inhibition is represented by the white bars in Fig. 2.8 A. Overall,
hindlimbs from embryos containing two copies of RG had more severe phenotypes than
those with one copy, indicating that the phenotype is dose-responsive. When tamoxifen
was injected at E9.5, HoxB6CreER-RG/G hindlimbs were either normal (2/5; Appendix

A, Table 3) or had a loss of nearly the entire limb, containing only a few digit-like elements
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(3/5; Fig. 2.8 B,G; Appendix A, Table 3). The loss of hindlimbs in these embryos was
similar to the loss of forelimbs in Prx-RG embryos (Fig. 2.3 G), suggesting that this defect
was caused by inhibiting BMPs during their early role in AER formation. As administration
of tamoxifen at later stages resulted in polydactyly, it is not clear why a subset of these
hindlimbs were normal at this stage. When injections were performed at E10.0 and E10.5,
all HoxB6CreER-RG/G embryos had polydactyly (Appendix A, Table 3; Fig. 2.8 H,I). As
observed in Prx-RG, this included a transformation of digit one from two phalanges to
three phalanges. Some HoxB6CreER-RG/G embryos from E10 (5/8) and E10.5 (2/3)
injections also had bowed femurs and tibia with a reduced or absent fibula (Fig. 2I,
arrowhead). When injected at E11, HoxB6CreER-RG/G embryos had multiple bifurcated
digits (n=3/3) but there were no completely formed extra digits. HoxB6CreER-RG
embryos contained nubs or, in one case, bifurcated digits (Fig. 2.8 E,J; Appendix A; Table
3). Embryos injected at E11.5 contained a posterior skin nub that was smaller than nubs
observed at when the transgene was activated earlier in development. The HoxB6CreER
transgene is no longer expressed throughout the hindlimb after E11.5 but additional
experiments using the ubiquitous Rosa“"™®ER™2 (Ventura et al., 2007), which is expressed
ubiquitously upon tamoxifen activation, indicated that RosaC"e-ERT2/Cremlin embryos did not
form nubs or polydactyly after E11.5 (Appendix A, Table 4). Because of the ~12 hour
delay between injection and activation, we conclude that BMPs regulate digit number

between E10.5-11.5.
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Figure 2.8: Mesodermal BMP signaling regulates digit number between E10.5 and E11.5.
(A) Pregnant mice were injected with tamoxifen when embryos were at the
specified time-points (white bars). Effective activation of ectopic Gremlin
occurs approximately 8-12 hours later (red bars). Embryos were analyzed by
skeletal preparation at E18.5 (B-K). Asterisks indicate polydactylous digits,
arrows indicate nubs, and the arrowhead in I indicates defects in the tibia and
fibula. The tibia and fibula were removed from the autopod in D prior to
imaging. Images are representative of the most common phenotype with a
minimum of three embryos per condition (Appendix A, Table 3) except for
panel C (n=1). At all time-points, wild type siblings (containing RG or RG/G
but no HoxB6CreER) from tamoxifen-injected litters had normal limbs and
digits (Appendix A, Table 3).

HoxB6CreER- HoxB6CreER
RG/G
(0]
]
!K !

FEE N \, 1
LB

* *
\

18



2.4. BMP INHIBITION RESULTS IN PERSISTENT, AMPLIFIED FGF SIGNALING

To determine how Gremlin mis-expression and BMP inhibition affected early limb
patterning, we determined the expression patterns for Shh and FGF response. At E11.5,
Prx-RG hindlimbs have expanded anterior and posterior expression of Fgf4 and Fgf8 (Fig.
2.9 A, B, E, F). There also appears to be a slight increase in expression of the FGF target
gene Spry4 (Fig. 2.9 1,J). The domain of Shh expression is also expanded along the
proximal to distal axis, consistent with previously described roles for BMPs in negatively
regulating Shh (Bastida et al., 2009) (Fig. 2.9 M-N). By E12.5, wild type hindlimbs have
normally lost Fgf4 and Shh but their expression persists in Prx-RG hindlimbs (Fig. 2.9
C,D,0,P). In addition, Fgf8 and Spry4 are expressed at higher levels than control embryos
(Fig. 2.9 G,H,K,L). To quantify these observations, we assayed gene expression in E11.75
limb buds by guantitative RT-PCR (Fig. 2.9 Q-T). Consistent with the expression data,
there are significant increases in Shh, Fgf8 and the FGF responsive genes Dusp6 and Spry4
(Kawakami et al., 2003; Mariani et al., 2008; Minowada et al., 1999b; Verheyden and Sun,
2008). We conclude that Prx-RG hindlimbs have elevated, sustained levels of FGF

signaling.
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Figure 2.9: RG hindlimbs have elevated, persistent FGF signaling. In-situ hybridizations
with the somite stage indicated at bottom right (A-P) for Fgf4 (A-D), Fgf8 (E-
H’), Spry4 (I-L) and Shh (M-P) at E11.5 and E12.5. Fgf4 is expanded in both
the anterior and posterior domains at E11.5 (B, arrows) with persistent and
ectopic expression at E12.5 after expression is absent from wild type controls
(D, arrow heads). Similar expression is seen for Fgf8 (E-H’) and for the FGF
responsive gene Spry4 levels (I-L). Shh is expanded in the proximal to distal
domain at E11.5 and its expression is sustained at E12.5 in an expanded
proximal/distal domain (arrows). Quantitative RT-PCR analysis of Fgf8,
Spry4, Dusp6, and Shh at E11.75 indicate significant increases (asterisk
indicates P<0.05) in expression levels in Prx-RG hindlimbs. Error bars
indicate the standard error of mean (Q-T).
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2.5: INHIBITING BMPS RESULTS IN ENHANCED PROLIFERATION AND REDUCED

APOPTOSIS

The increased size of Prx-RG was initially apparent by E11.5 (Fig. 2.9) while there
is a large difference by E12.5. This increased size could be caused by increased
proliferation rates and/or reduced levels of apoptosis. To determine if there were changes
in proliferation, we first examined the percentage of cells in mitosis using an antibody
against phosphohistone H3 that recognizes cells in late G2 and mitosis (Hendzel et al.,
1997). We focused our analysis to embryos between 45-47 somites, shortly after size
differences between wild type and Prx-RG hindlimbs are apparent (Fig. 2.9). Autopods
from Prx-RG hindlimbs had a 20% increase in their mitotic index (8.6% in sibling controls
compared to 10.4% in Prx-RG P<0.002) (Fig. 2.10 A-C) indicating an increase in the

percentage of proliferating cells.
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Figure 2.10: BMP inhibition results in increased proliferation and cell survival. Sections
were immunostained for the presence of phosphohistone H3 (PHH3) on
dorsal-ventral sections through the hindlimb autopod of E11.5 embryos (A,
B). There is a significant increase in the percentage of PHH3 positive cells in
RG (P<0.05) (C). Cell cycle analysis of WT and Prx-RG hindlimbs at E11.75
by flow cytometry gated into GO/G1, S, and G2,M phases (D,E). The average
percentages of cells for each population (n=4) (F) are unchanged between WT
and Prx-RG. Whole-mount staining for Lysotracker Red on hindlimbs at
E11.75 (G,H) and E12.5 (1,J). Staging in somites (S) or embryonic day (E) is
indicated on bottom right. Scale bars on images A,B indicate 100uM. Error
bars indicate the standard error of mean (C,F).
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We then measured proliferation by flow cytometry using hindlimb autopods from
45-49 somites. There was no difference in the percentage of cells in G0/1, S or G2/M (Fig.
2.10 D-F). At E12.5, the percentage of cells in GO/1, S or G2/M was comparable in
percentage to the E11.75 (45-49 somite) sample (Fig. 2.11 C-E). Prx-RG hindlimbs did not
have upregulated Cdk6 expression as has previously been noted in Gli3” forelimbs (Lopez-
Rios et al., 2012). Similarly, Prx-RG hindlimbs did not have upregulated Axin2 expression,
suggesting that canonical Wnt signaling was not elevated (Fig. 2.11 A,B). The discrepancy
between these results and the increase observed in the mitotic index are discussed in the

Discussion.
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Figure 2.11: Loss of BMP signaling does not change cell cycle at E12.5. Quantitative real
time PCR analysis of Cdk6 and Axin2 indicate no difference in expression
levels between WT and Prx-RG in EI11.75 hindlimbs (A,B). FACS data
showing comparable levels of GO/1, S and G2/M cells between WT and Prx-
RG hindlimbs at E12.5 (n=3). Error bars indicate the standard error of mean
(A,B,E).
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We examined changes in apoptosis using Lysotracker Red, an established marker
of apoptotic cells in the limb bud (Fogel et al., 2012; Zhu et al., 2008). At E11.75, Prx-RG
autopods have reduced levels apoptosis in the anterior AER and mesoderm (n=6) compared
to sibling controls (Fig. 2.10 G,H; n=3). By E12.5, many apoptotic cells are present in the
posterior AER and the anterior necrotic zone in control hindlimbs (Fig. 2.10 I; n=6).
Apoptotic cells in the posterior zone are strongly reduced in Prx-RG limb buds. In addition
the normal anterior necrotic zone (outlined arrowhead in 2.10 1) is completely absent with
a new apoptotic domain expressed in a more proximal anterior position (asterisk in Fig.
2.10 J; n=3). We conclude that Prx-RG hindlimbs have enhanced levels of proliferation

while having reduced levels of apoptosis.

2.6. REDUCED BMP LEVELS RESULT IN DELATED DIGIT FORMATION

To determine the onset of digit formation in Prx-RG hindlimbs, we examined the
expression of Sox9, the earliest known marker of future chondrocytes, and Col2al, a
marker of differentiated chondrocytes that is a direct transcriptional target of SOX9 (Bell
etal., 1997; Ohetal., 2010). At E12.5, wild type embryos expressed both Sox9 and Col2al
in all five digit rays in contralateral hindlimbs (Fig. 2.12 A,B). At this stage, Prx-RG
embryos had an average of 4.6 Col2al-expressing rays while they had an average of 5.8
Sox9 expressing rays in their contralateral hindlimbs (P<0.05 Paired T-Test). In addition

to having a delayed onset in Col2al expression in some digits, digit ray formation was still
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ongoing in Prx-RG embryos at this stage, as they ultimately formed an average of 7.2
polydactylous digits (Fig. 2.12 C,D). The persistence of forming digits could be the result
of developmental delay. To address this, we examined digit formation at earlier stages of
development. Wild type hindlimbs at E11.75 had three fully resolved Sox9-expressing digit
rays as did similarly staged Prx-RG embryos (Fig. 2.12 E,F), suggesting that initial digit
ray formation was not delayed. However, Prx-RG hindlimbs had reduced levels of Sox9
MRNA and SOX9 protein expression (Fig. 2.12 G, 2.13 D) and Sox9-expressing digit rays
were significantly restricted from the most distal autopod in Prx-RG embryos (Fig 2.12
E,F). Sibling control embryos had an average domain of 112 pum between the boundary of
Sox9 expression and the AER while Prx-RG embryos had an average boundary of 144 um
(P<0.05). Together, these experiments suggested that Prx-RG embryos formed digit rays
at a comparable rate to wild type controls albeit with more truncated domains. They also
suggest that digit development persisted for a longer in the anterior and posterior margins

that gave rise to most polydactylous digits.
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Figure 2.12: BMP inhibition delays chondrogenesis and reduces Sox9. In-situ
hybridization for Col2al and Sox9 on contralateral hindlimbs from the same
embryo (A-D). The wild type embryo has 5 condensed Col2al positive digits
as well as 5 Sox9 positive digit rays while the RG embryo has more Sox9
expressing rays than Col2al expressing rays (asterisks indicate polydactylous
digit rays — the posterior Co/2al domain (D) is not considered a digit because
it has not yet fully expanded distally). /n-situ hybridization for Sox9 at E11.75
(E-F). Quantitative RT-PCR for Sox9 normalized to Gapdh (G) shows a 33%
decrease in expression in Prx-RG hindlimbs at E11.75 (P<0.05). Data points
on graphs indicate measurements from independent embryos. Where
applicable, somite stages are indicated in the bottom right. Error bars indicate
the standard error of mean (G).

To examine this phenotype more closely, we examined SOX9 protein expression
by immunostaining in sectioned RG hindlimbs. Consistent with the reduced levels of Sox9
MRNA, SOX9 expression levels were significantly reduced both in fully resolved digit

rays and pre-condensed regions (Fig. 2.13 B-D,F,G). At this stage, wild type digit rays
26



have more densely packed chondrocytes than Prx-RG rays (Fig. 2.13 B, F, H) while

chondrocytes that have not yet formed rays appear to have similar densities in wild type

and Prx-RG embryos (Fig. 2.13 C, G, H). The reduced levels of SOX9 and delayed

compaction in Prx-RG embryos suggest that they have delays in later chondrogenesis

although they initially form digit rays at a rate that is comparable to wild type embryos.
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Figure 2.13: BMP inhibition reduces SOX9 and compaction. Sections immunostained for

SOX9 and visualized epifluorescent light microscope (A, E). Additional 40x
single plane confocal images (B, C, F and G; Scale bar= 20um) show SOX9
positive cells with intensity indicated on a scale of 0-255 on comparable
regions of WT and RG hindlimbs. The blue box (B, F) shows the anterior,
uncondensed portion of the limb bud while the orange box (C, G) shows the
condensing middle digit ray (sections in B, C, F, G are from different embryos
than A, E). As reflected in the images, there is a significant reduction in SOX9
fluorescent intensity (D). There is also a significant reduction in nuclear
density in the middle digit ray in Prx-RG limbs (P<0.05) while there is no
difference in the density of uncondensed Sox9 expressing cells in the anterior
limb (H). Data points on graphs indicate measurements from independent
embryos. Where applicable, somite stages are indicated in the bottom right.
Error bars indicate the standard error of mean (D, H).
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2.7: REDUCED BMP AND ENHANCED FGF SIGNALING DELAY CHONDROGENIC

DIFFERENTIATION

The preceding experiments suggested that Prx-RG hindlimbs digit rays were
specified normally but might have delays in chondrocyte differentiation. This delay could
be caused by threshold reductions in BMP signaling required to promote digit
chondrogenesis; alternatively, the persistently elevated levels of FGF signaling present in
Prx-RG hindlimbs (Fig. 2.9) could inhibit chondrogenesis as has been shown in cultured
limb bud mesenchyme (Cooper et al., 2011; Lewandowski et al., 2014; ten Berge et al.,
2008). This possibility is consistent with the distal truncations in Sox9 expressing digits
observed above. To test the roles of BMP and FGFs in more detail, we cultured wild type
and Prx-RG hindlimb autopods under micromass-like conditions in control media or in
media containing FGF8, BMP4, or both (Fig. 2.14). After 24 hours of culture under control
conditions, Prx-RG had a 51% reduction in the BMP target gene Msx2 and a 35% reduction
in Sox9 compared to wild type cultures (Fig. 2.14 B,C). In addition, Prx-RG cultures also
had reductions in the chondrocyte differentiation markers Agcl and Col9al (Fig. 2.14 D,E)
(Bietal., 1999; Derynck and Zhang, 2003; Sekiya, 2000). These results are consistent with
the reduced levels of chondrogenic markers and delayed differentiation observed in

embryonic limb buds (Figs. 2.12 D, G).
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Figure 2.14: Limb bud cultures show a delay in differentiation of cells lacking BMP.
Hindlimb autopods from WT and Prx-RG embryos were dissected and
dissociated for a micromass culture (A) in either control media or media
supplemented with Fgf8, BMP4, or Fgf8 and BMP4. Cultures were analyzed
after 24 hours by qRT-PCR (B-E) for Msx2 (n=5), Sox9 (n=5), Agcl (n=5)
and Col9al (n=4). All samples were normalized to Gapdh. Brackets indicate
pairs that were compared by statistical analysis. Statistical significance
(P<0.05) is indicated by a black asterisk between WT samples and a red
asterisk between RG samples. Analysis of WT and RG Sox9 at TO depicts that
same data shown in Figure 5G. Error bars indicate the standard error of mean

(B-E).

The addition of FGF8 to the media caused significant reductions in Msx2
expression while Sox9, Agcl and Col9al were not significantly changed in Prx-RG
hindlimb cell cultures when compared to control conditions (Fig. 2.14 B-E). As expected,
the addition of BMP4 to the media caused significant increases in Msx2 as well as Sox9,

Agcl and Col9al. Conversely, these same markers are all reduced in the lowered BMP
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environment present in cultured Prx-RG samples compared to wild type samples. These
results are consistent with the in vivo results (Fig. 2.12) and suggest that BMP regulates
Sox9 in the autopod. Compared to the addition of BMP4 alone, cultures of wild type
hindlimbs treated with BMP4 and FGF8 had comparable levels of Msx2 and Sox9 but
strongly reduced levels of Agcl and Col9al (Fig. 2.14 B-E). In this set of conditions, co-
administration of FGF8 did not significantly inhibit Sox9 or BMP response (as measured
by Msx2) yet strongly inhibited the activation of differentiation markers. This raises the
possibility that an FGF-responsive protein could inhibit transcription of chondrocyte
differentiation genes through a SOX9-independent mechanism (see Discussion, Fig. 2.15).
In summary, these experiments suggest that both the reduced BMP signaling levels as well
as increased FGF levels contribute to delays in chondrogenesis.
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Figure 2.15: Gene regulatory network underlying digit chondrogenesis. Threshold levels
of BMPs activate Sox9 in a dose-dependent fashion through Smads in a direct
or indirect fashion (dashed lines). SOX9, in turn, activates markers of
differentiated chondrocytes. Amplified FGFs inhibit chondrogenesis both
repressing differentiation genes in a parallel pathway by regulating a
repressor.
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2.8: DISCUSSION

In this study we have examined the effect of reducing BMP levels in the limb
mesenchyme using a Cre-inducible construct that activates Gremlin (Fig. 2.1 A-F). We
show that BMPs act in a dose and time dependent manner in which early or complete loss
of BMPs result in digit loss, but inhibiting overall BMP signaling between E10.5 and E11.5
causes polydactylous digit formation (Fig. 2.8). RG hindlimbs have many phenotypes
consistent with a loss of BMP signaling including ectopic Fgf4 expression, expanded Shh
expression and delayed AER regression (Bandyopadhyay et al., 2006; Bastida et al., 2009;
Benazet et al., 2012; Pizette and Niswander, 1999; Verheyden and Sun, 2008). We were
initially surprised that RG embryos ultimately form digits, as previous studies
overexpressing BMP inhibitors resulted in an absence of cartilage formation (Capdevila et
al., 1999b; Harfe et al., 2004; Lopez-Rios et al., 2012; Pizette et al., 2001). The most likely
explanation is that in the RG allele BMP levels are reduced but not below a threshold level
required for digit specification. Consistent with the idea the RG activation results in
sustained inhibition of BMP signaling, BMP-specific pSMAD levels are decreased by
~50% in E11.5 Prx-RG hindlimbs and by ~30% in E16.5 autopods (Fig. 2.1 C). While the
E16.5 autopod contains multiple differentiated cell types, the decrease in pSMAD
inhibition suggests that BMP signaling has partially compensated for the presence of a
steady-state inhibitor. If there is feedback compensation, BMP signaling might transiently
be reduced to greater levels than indicated by overall protein levels on western blots.

In addition to their mesodermal roles, BMPs are also expressed in the AER where

they are transiently required for its formation (Ahn et al., 2001; Barrow, 2003; Benazet and
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Zeller, 2013; Benazet et al., 2012; Choi et al., 2012; Pizette et al., 2001). The mesodermal
activation of Gremlin prior to ~E10.5 leads to severe reductions in limb growth and digit
number that are consistent with this secreted protein providing localized disruption to the
AER (Figs. 2.3, 2.8). While some conditional mutations in BMP result in digit reductions,
mutations in BMP4 are polydactylous (Benazet et al., 2009; Dunn et al., 1997; Selever et
al., 2004). Our results strongly suggest that the polydactyly seen in conditional deletions
of BMP4 in the mesoderm are caused by overall reductions in BMP signaling levels and

not by compensatory upregulation of other BMPs (Badugu et al., 2012).

2.8.1: Increased proliferation and reduced apoptosis in RG hindlimbs

At E11.5, near the onset of appreciable size difference between RG hindlimbs and
controls, the mitotic index had a 20% overall increase in rate in RG hindlimbs (Fig 2.10 A-
C). We do not detect any difference in G0/1, S or G2/M in similarly staged limb buds by
FACS at either E11.75 or E12.5 (Figs. 2.10 D-F; 2.11 C-E). The mitotic index is likely a
more sensitive method of detecting small changes in the G2/M phase while the lack of
accompanying changes in the percentage of S-phase cells suggests that there could be
changes in cell cycle rate. Consistent with this possibility, the most distal limb bud cells
are reported to have decreased cell cycle times compared to the rest of the limb in wild type
embryos (Boehm et al., 2010).

FGF8 does not cause increased proliferation in cultured limb bud mesenchyme,

which is devoid of most or all ectoderm, but it does enhance proliferation when co-cultured
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with either Wnt3a or Hedgehog activators (Lewandowski et al., 2014; ten Berge et al.,
2008). Wnt ligands are expressed in the ectoderm where they act as mitogens on the
adjacent mesoderm (ten Berge et al., 2008). If FGF8 plays a similar enhancing role in vivo,
this effect should be most pronounced between E11.5-12.5 when there is normally a sharp
reduction in FGF activity (Fig. 2.9 1,K). This correlates with period when there is an
increase in size in the autopods of RG hindlimbs compared to controls (Fig. 2.9), and is
consistent with the idea that persistent FGFs are causing an increase in proliferation. The
increase in mitotic index in our study (Fig 2.10 A-C) but unchanged percentage of S-phase
cells in RG limb buds contrasts with the enhanced anterior proliferation associated with
anterior polydactyly in Gli3” limb buds, in which an enhanced G1-S transition is likely
mediated by elevated CDK6 with no change in mitotic index (Lopez-Rios et al., 2012).
Supporting the notion that RG limb buds have different drivers of proliferation, we also do
not observe a change in Cdké levels (Fig. 2.11 A).

An alternative interpretation of our data is that despite the increased mitotic index,
proliferation is not a major driver of the increased size seen in RG limb buds.
Computational simulations by Boehm et al suggest that increased proliferation rates do not
play a role in normal distal limb development. Instead, they propose that limb growth is
caused by directional cell behaviors(Boehm et al., 2010). FGF signaling has been shown
to promote cell velocity in the early limb bud (Gros et al., 2010a) and could potentially
continue to promote increased velocity this later phase of limb bud growth that could affect
the increased size of the digit paddle. In addition to increased proliferation, RG hindlimbs

have reduced apoptosis that is most pronounced in the anterior mesoderm (Fig. 2.10 G-J).
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Apoptosis plays important roles in sculpting the autopod domain and reduced levels have
classically been associated with polydactyly (Kimura and Shiota, 1996; Milaire and Rooze,
1983). Although we did not quantify apoptosis within the inter-digit mesenchyme of later
limb buds, the webbing present in RG hindlimbs (Fig. 2.1 H) indicates a loss of apoptosis
in this domain as well. This is consistent with other studies that have shown that persistent,
elevated FGF signaling in the AER counteracts BMP-induced apoptosis (Lu, 2006; Pajni-

Underwood et al., 2007).

2.8.2: The role of BMP signaling in digit specification

In the absence of Smad4 within the autopod, digit rays fail to form and Sox9 is not
expressed, implying a requirement for BMP signaling (Benazet et al., 2012). Based on this
data, BMPs could either act upstream of Sox9 to initiate transcription or they could provide
a permissive environment in which Sox9 would subsequently be activated. By reducing
BMP activity, we do not observe significant delays in the onset of Sox9-expressing digit
rays (Fig. 2.12 E,F) but there are significant reductions the levels of Sox9 mRNA and
protein (Fig. 2.12 G,K). This suggests that once BMP has reached a previously
hypothesized threshold necessary for Sox9 activation (Bandyopadhyay et al., 2006), it then
regulates its expression in a dose-dependent fashion. In cultured limb bud mesenchyme we
observe a similar trend with BMP4 causing a significant upregulation of Sox9 that is
dampened in RG cultures (Fig. 2.14 C). Although we do not observe delays in the onset of

Sox9 expression in the autopod, the reduced levels of SOX9 protein likely result in the
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observed delay in activating the SOX9 target gene Col2al. The delay suggests that SOX9
activity in RG embryos must reach threshold levels of activity before activating

differentiation markers.

2.8.3: FGFs inhibit chondrogenic differentiation

Because RG limb buds have high levels of FGF signaling, we sought to determine
how it influences chondrogenesis. Previous studies have shown that FGF signaling delays
chondrogenesis in cultured limb bud mesenchyme (Cooper et al., 2011; Lewandowski et
al., 2014; ten Berge et al., 2008). FGF signaling activity is highest in the distal mesoderm,
suggesting that the truncated digit rays in RG embryos are caused by direct or indirect
repression of Sox9 (Fig 2.12 F). Interestingly, autopod cultures containing both BMP4 and
FGF8 had significant reductions in the transcription of the cartilage differentiation marker
Agcl compared to cultures treated only with BMP4. These cultures did not have significant
reductions in the BMP-responsive gene Msx2 or Sox9, which is already expressed in limb
buds when they are dissected (Fig. 2.14 B-E). Moreover, FGF8 did not have a proliferative
effect on cultures treated under identical conditions (Lewandowski et al., 2014). We
speculate that FGF signaling represses Sox9 activation by maintaining cells in a
proliferative state as well as providing an independent repressive effect on the activation
of chondrocyte differentiation markers that occurs in parallel to BMP-dependent activation

of Sox9 (Fig 2.15).
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2.8.4: Opposing actions of BMP and FGF on digit chondrogenesis

We have summarized the opposing roles for BMPs and FGFs in Fig. 2.16. The
persistent FGF signaling in RG limb buds acts as a permissive factor to enhance cell
proliferation and also provides increased cell survival in the anterior and posterior margins
of the limb bud. Although BMP signaling is reduced in RG hindlimbs, it does not fall below
threshold levels necessary to activate Sox9 in the autopod. Nonetheless, Sox9 expression is
reduced within nascent chondrocytes, suggesting BMP acts as a dose dependent
transcriptional regulator of Sox9. FGF signaling also negatively regulates chondrogenesis
both by promoting cell proliferation and inhibiting differentiation of SOX9-expressing

chondrocytes.
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Figure 2.16: Model depicting the roles for BMP in digit chondrogenesis. (A) Under wild
type conditions, increasing levels of BMP activity over development
promote differentiation (chondrogenesis) and suppress proliferation. During
this time, normal levels of FGFs promote proliferation by amplifying Shh
and Wnt signaling (represented as ‘additional factors’), until their
downregulation at the end of limb specification. (B) When BMP levels are
reduced in RG hindlimbs, there is a delay in chondrogenic differentiation.
FGF levels persist after they are normally downregulated. This maintains the
high level of proliferation seen in earlier limb mesoderm and inhibits normal
apoptotic domains. Maintaining proliferation inhibits Sox9 expression and
entry into a chondrogenic pathway and independently inhibits later
chondrogenic differentiation.

37



We speculate that persistent FGF signaling in nascent chondrocytes upregulates a
repressor of chondrogenic differentiation, depicted as “Repressor” in Fig. 2.15. The
HOXD13 and HOXAL13 paralogues are plausible repressor candidates, as FGFs promote
the activation of these distal Hox genes (Rosello-Diez et al., 2014; VVargesson et al., 2001).
While HOXA13 and HOXD13 are jointly required for normal digit condensation, the
overexpression of HOXD13 negatively regulates chondrogenic differentiation (Fromental-
Ramain et al., 1996; Kuss et al., 2008; Stadler et al., 2001). Moreover, Sox9 is still
expressed in HoxA13™ digits (Perez et al., 2010), consistent with our finding that the
repressor seems to act in a parallel pathway. As persistent FGF signaling from the AER is
a common feature of many disparate polydactylies, we propose that this model will be more

generally relevant to understanding how extra digits are generated.
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Chapter 3: Prmt5 is essential for the maintenance of chondrogenic
progenitor cells in the limb bud

Portions of this chapter are modified with the permission from the authors. Norrie, J.L.,
Li, Q., Co, S., Huang, B., Mackem, S., Ding, D., Ji, Z., Bedford, M.T., Galli, A., Ji, H.,
Vokes, S.A. Prmt5 is essential for the maintenance of chondrogenic progenitor cells in
the limb bud. Manuscript submitted.

Jacqueline Norrie, under the advisement of Steven Vokes, completed all experiments and
quantification unless otherwise stated here. Qiang Li assisted with breeding and
collecting mouse embryos. Swanie Co assisted with the in-situ hybridizations, skeletal
preparations and quantification in Figures 3.4, 3.5, and 3.7. Bau-Lin Huang and Susan
Mackem did the pSMAD immunostaining in Figure 3.13. Ding Ding, Zhicheng Ji and
Hongkai Ji completed the intron retention analysis in Figure 3.6. Mark Bedford supplied

the SDMA antibody in Figure 3.1. Antonella Galli made the Prmt5™*«EUCOMMVisi 1y jce

3.1 INTRODUCTION

Differentiating cartilage elements are specified from a highly proliferative
mesodermal progenitor population that is specified early in limb development. After
specification, progenitor cells coalesce into condensates, activate Sox9, exit the cell cycle,
and subsequently acquire the distinct morphology of chondrocytes (Akiyama et al., 2005;
Barna and Niswander, 2007; Benazet et al., 2012; Boehm et al., 2010; Dudley et al.,
2002; Pizette and Niswander, 2000). Early condensate growth is not well characterized

but includes both localized chondrocyte proliferation as well as the recruitment of
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undifferentiated cells onto their distal ends (Shubin and Alberch, 1986; Stark and Searls,
1973; ten Berge et al., 2008; Thorogood and Hinchliffe, 1975).

Mesodermal progenitor cells are regulated by multiple extrinsic signals. Sonic
hedgehog (SHH) signaling regulates proliferation, inhibits differentiation and acts as a
survival factor (Lopez-Rios et al., 2012; te Welscher, 2002; Zhu et al., 2008). Fibroblast
growth factors (FGFs), in addition to acting as specification agents, survival factors, and
motility agents, work in concert with WNT proteins to inhibit differentiation (Cooper et
al., 2011; Gros et al., 2010b; Lewandowski et al., 2014; Mariani et al., 2008; ten Berge et
al., 2008). In contrast, bone morphogenetic proteins (BMPs) drive chondrogenic
differentiation (Bandyopadhyay et al., 2006; Barna and Niswander, 2007; Capdevila et
al., 1999b; Lopez-Rios et al., 2012; Pizette et al., 2001). BMP signaling promotes
apoptosis both in the anterior and posterior margins during limb outgrowth and later
within the inter-digit mesenchyme (Kaltcheva et al., 2016; Macias et al., 1997; Pajni-
Underwood et al., 2007). Unsurprisingly, BMP activity is tightly regulated by multiple
inhibitory proteins, including GREM1 (GREMLIN) and NOGGIN (Bénazet et al., 2009;
Brunet et al., 1998; Khokha et al., 2003; Macias et al., 1997; Michos et al., 2004; Norrie
etal., 2014).

In contrast to the well-described roles for secreted signaling pathways in
regulating limb differentiation, the internal mechanisms by which mesodermal cells
maintain a progenitor state are poorly characterized. Progenitor populations must balance
renewal and differentiation in a manner that controls the expansion of differentiated

skeletal elements (Suzuki et al., 2008). This dynamic process is analogous to adult stem
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cell homeostasis but differs in that the developmental progenitor population is ultimately
depleted, regulating the size of the differentiated tissue.

Given the similarities between progenitor cells and stem cells, we hypothesized
that limb bud mesodermal cells maintain progenitor-states through stem cell-like
pluripotency genes. Prmt5, which we find is expressed at high levels in the distal limb, is
an attractive candidate for mediating mesodermal progenitor maintenance in the limb. It
is essential for maintaining mouse embryonic stem cell pluripotency and is also required
in-vivo for mouse inner cell mass development (Tee et al., 2010). Moreover, in
combination with OCT3/4 and KLF4, it can reprogram mouse embryonic fibroblasts into
induced pluripotent stem cells (Nagamatsu et al., 2011). It also has essential functions in
a host of stem cell populations, including hematopoietic cells, muscle stem cells,
primordial germ cells and male germ cells (Ancelin et al., 2006; Kim et al., 2014; Liu et
al., 2015; Wang et al., 2015a; Wang et al., 2015b; Zhang et al., 2015b).

PRMTS is an arginine methyltransferase that symmetrically dimethylates
arginine residues on a diverse set of proteins (reviewed in (Stopa et al., 2015)). It can
methylate specific Sm proteins that facilitate their assembly into a core complex of
spliceosomal snRNPs (Chari et al., 2008; Meister and Fischer, 2002; Neuenkirchen et al.,
2015; Pelz et al., 2015). Additionally, PRMTS5 can regulate gene expression by
methylation of histones H2A/H4 and H3 (specifically H2A/H4R3 and H3RS), which are
generally associated with transcriptional repression (Ancelin et al., 2006; Di Lorenzo and
Bedford, 2011; Lee and Bedford, 2002; Tee et al., 2010; Zhang et al., 2015a; Zhao et al.,

2009).
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Based on the important roles PRMTS plays in adult stem and progenitor cell
populations, it has the potential to regulate many important events during embryogenesis.
However, due to its early embryonic lethality (Tee et al., 2010), it has not been explored
during organogenesis. Here, we show that Prmt5 is expressed in mesodermal progenitor
cells in the limb bud and is essential for their maintenance. Embryos lacking Prmt5 in
their limb buds develop striking defects in skeletal morphogenesis that are caused by
early defects in cartilage formation. These defects are caused by widespread apoptosis
and precocious differentiation of mesodermal progenitor cells as consequence of elevated
BMP activity. These findings establish an intrinsic mechanism for regulating
chondrogenic progenitor cells in the embryo and suggest that a stem cell pluripotency
factor may have analogous roles in regulating progenitor cell populations during

embryonic development.

3.2: PRMTS EXPRESSION IS RESTRICTED TO THE DISTAL LIMB

To gain insight on the effects of Prmt5 on limb development we first examined its
expression pattern. At E11.5, Prmt5 is dynamically expressed, with high levels of
expression in the presomitic mesoderm, craniofacial primordia and, prominently, the limb
buds (Fig. 3.1A). Prmt5 is uniformly expressed throughout the forelimb and hindlimb buds
at E10.5 (Fig. 3.1B, E) but becomes restricted to the distal mesenchyme at E11.5 (Fig.
3.1C, F). At E12.5 the expression domain is restricted to the distal tip of the developing

digit rays (Fig. 3.1D arrowheads, G), in a region corresponding to the proposed phalanx
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forming region (PFR) that provides a progenitor population for the elongating digit

condensates (Suzuki et al., 2008).

E11.5

Forelimb

Hindlimb

kDa CTR cKO
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SDMA

15

Prmt5cKO

Figure 3.1: Prmt5 is dynamically expressed in undifferentiated limb buds and is essential
for their development. (A) Whole mount in-situ hybridization for Prmt5 in an
E11.5 embryo showing dynamic regional expression. /n-situ hybridization for
Prmt5 in (B-D) forelimbs and (E-G) hindlimbs. Note the distal expression at
the tip of the digit condensates at E12.5 (D, arrowheads). (H) Western blot
with a SDMA antibody that recognizes proteins that contain symmetrically
dimethylated arginines showing expression in forelimbs of E11.5 control
(CTR) and Prmt5¢KO (cKO) embryos. (I, J) Skeletal preparations of control
and Prmt5¢KO mice at P21. Scale bars in A and E indicated 500 um. Scale
bar in J indicates 1 cm.
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The progressive distalization of Prmt5 expression and its absence from
chondrogenic condensates indicates that PrmtJ is largely restricted to undifferentiated
limb bud mesoderm. We noted a similar trend for the expression domain of Mep50, a co-
factor that regulates the function of PRMTS5 (Antonysamy et al., 2012; Burgos et al.,

2015; Saha et al., 2016) (Fig. 3.2).

E10.5 E11.5 E12.5

Forelimb

Mep50

Hindlimb

Figure 3.2: Mep50 expression in forelimbs and hindlimbs. /n-situ hybridization Mep50
in control forelimbs (A-C) and hindlimbs (D-F) at E10.5, E11.5 and E12.5.

3.3: PRMT5 CONDITIONAL MUTANTS HAVE TRUNCATED SKELETAL ELEMENTS AND
ABNORMAL DIGITS

Because Prmt5 null embryos fail to develop past the blastocyst stage (Tee et al.,
2010), we conditionally knocked out Prm¢5 in limb buds using a floxed allele along with

the limb bud specific PrxICre (Logan et al., 2002; Martin and Olson, 2000). There was a
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substantial reduction of PRMTS protein levels in E11.5 limb buds (Fig. 3.3), as well as a
reduction of proteins with symmetrically dimethylated arginine residues in Prmt5cKO
forelimbs (Fig. 3.1H) (Dhar et al., 2013). While PrxICre*”; Prmt5¢* littermates
appeared normal, PrxICre™”; Prmt5“° mice (hereafter referred to as Prmt5¢KO) had
severe, distinctive forelimb defects (Fig. 3.11, J), suggesting an essential role for Prmt5

during limb development.
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Figure 3.3: PRMTS levels are reduced in Prmt5¢cKO limb buds. Western blots for
PRMTS and GAPDH on E11.5 limb lysate from control and Prmt5cKO
forelimbs (A) and hindlimbs (C). (B, D) Quantification of band intensities
(PRMTS5 normalized to GAPDH). The asterisk indicates statistically
significant changes (P<0.05) in Prmt5cKO compared with heterozygous or
control siblings using a Student’s t-test. Error bars indicate standard error of
the mean.
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At E18.5, Prmt5cKOs had severely truncated forelimbs (n=5/5 embryos) with the
radius, ulna, and humerus each significantly shorter than those of control littermates (Fig.
3.4A-C). The deltoid tuberosity was missing from the humerus (4/5 embryos) and the
forelimb autopods had substantially reduced numbers of wrist bones (2-3 total; Fig. 3.4H,
H’; n=5/5). The digits on the Prmt5¢KO were irregular, wispy and short, with little or no
ossification and a complete absence of joints (Fig. 3.4G-I). Most Prmt5cKO limbs
contained 4 severely truncated digits (n=4/5 embryos). Based on the size and position of
the remaining digits, the missing digit likely corresponds to digit 1 (the thumb).
Additionally, the remaining digits are fused in pairs at the base of the digits. Compared to
the severe defects in the forelimbs, Prmt5¢KO hindlimbs are normally patterned, however,
the tibia, fibula, and femur were all significantly shorter than control siblings (Fig. 3.4D-
F). The hindlimb autopods were also truncated and most digits were significantly shorter
than control (Fig. 3.4J-L). Therefore, in both the forelimb and the hindlimb, Prmt5 is

essential for proper limb outgrowth.
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Figure 3.4: Conditional loss of Prmt5 results in severe limb truncations and autopod
defects. E18.5 skeletal preparations from control and Prmt5¢KO forelimbs
(A, B) and hindlimbs (D, E). The skeletal elements in both the forelimbs (C)
and hindlimbs (F) are significantly reduced in Prmt5¢KO embryos. (G, H, J,
K) Panels show higher magnifications of the corresponding boxed regions
from A, B, D and E. (G’, H’) Representative schematics of the autopods
from control and Prmt5cKO forelimbs. Note the severe reduction in digit
lengths (n=5) and number of digits (n=4/5). (I, L) Quantification of digit
length (mm) using the right limbs from control (n=7) and Prmt5cKO (n=5)
embryos. The asterisk indicates statistically significant changes (P<0.005) in
Prmt5¢KO skeletal elements compared with corresponding elements
heterozygous or control siblings using a Student’s t-test. Error bars indicate
standard error of the mean. Scale bar indicates 2mm.
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3.4: LOSS OF PRMT5 RESULTS IN TRUNCATED DIGIT CONDENSATES THAT LACK JOINTS

Skeletal truncations can be caused by defects in either chondrogenesis or in
subsequent bone formation. For example, Indian hedgehog null embryos have normal
primary cartilage condensates but subsequent defects in subsequent bone formation that
superficially resembles Prm5cKOs (St-Jacques et al., 1999). To determine the onset of
the Prmt5¢KO phenotype, we analyzed digit formation at E11.5 by in-situ hybridization
for Sox9, the earliest known marker of chondrocytes (Akiyama et al., 2005; Bi et al.,
1999; Lefebvre and Smits, 2005; Wright, 1995). At this stage, at least two distinct Sox9-
positive digit rays could be resolved in control forelimb buds while Prmt5¢KOs were
slightly smaller, with no resolvable digit rays and a significant increase in the domain of
undifferentiated, Sox9 negative mesenchyme at the distal tip of the limb bud (Fig. 3.5A-
C, J). Despite the unresolved digit rays and the increase in Sox9 negative area, the overall
SOXO9 levels were unchanged (Fig. 3.5F, G). By E12.5 control embryos have five distinct
Sox9-expressing digit rays while Prmt5cKO limbs are much smaller with truncated,
poorly resolved digit rays (Fig. 3.5D, E, J). Because Prmt5cKO forelimbs lacked joints
(Fig. 3.4H), we examined the expression of Gdf5, an early joint marker (Merino et al.,
1999b; Storm and Kingsley, 1999). At E12.5 Gdf5 expression surrounded each digit ray
with additional expression traversing the digit rays, corresponding to the future joints of
digits 3 and 4 (Fig. 3.5H). The Prmt5c¢KO forelimbs had comparatively reduced domains
of Gdf5 that did not extend as distally as the control and never traversed the ray (Fig.

3.51).
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Figure 3.5: Abnormal digit ray formation and chondrogenesis. (A-B) Whole mount in-
situ hybridization for Sox9 in control and Prmt5¢KO forelimbs (FL) at
E11.5. (C) Quantification of the distance from the distal boundary of Sox9
expression to the distal tip of the forelimb as indicated by the red bars in A
and B is significantly expanded in E11.5 Prmt5 embryos (control n=6;
Prmt5¢KO n=3). (D-E) In-situ hybridization for Sox9 in control and
Prmt5¢KO forelimbs (FL) at E12.5 (A, B) (F) Western blot showing SOX9
and GAPDH control expression in forelimbs from individual E11.5 embryos
and (G) quantification of band intensities (SOX9 normalized to GAPDH
with the dots indicating biological replicates). (H, 1) In-situ hybridization for
the joint marker Gdf5 at E12.5 in control and Prmt5¢KO forelimbs. (J)
Forelimb area (measured in image J at two different ranges of somite as
indicated on the x-axis) of Prmt5¢cKO limbs smaller than controls (47-50s
control n=16, Prmt5cKO n=11; 51-56s control n=12, Prmt5¢cKO n=10). (K,
L, N, O) E13.5 whole mount in situ hybridizations cleared in benzyl
alcohol:benzyl benzoate showing Col2al expression control and Prmt5cKO
forelimbs (FL) and hindlimbs (HL). The Prmt5¢KO forelimbs have dramatic
truncations in digit length (M) while the hindlimbs (P) do not have
significant reductions in digit length. The asterisks (C, J, M) indicates
statistically significant changes (P<0.05) in Prmt5¢KO compared with
corresponding elements in heterozygous or control siblings using a
Student’s t-test. Error bars indicate standard error of the mean. The numbers
at the bottom right indicate the number of somites present in the embryo.
Scale bars indicate 500pm.
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We next examined expression of Col2al, a marker of differentiating chondrocytes
(Bietal., 1999). At E13.5, Prmt5cKO forelimbs had a significant reduction in digit
length with either 4 (n=1/3) or 5 (n=2/3) small, wispy digit outgrowths that tapered
distally and lacked any joints (Fig. 3.5K-M). In all three cases, digit 2 was fused to digit 3
and in one case, digit 4 was fused to digit 5. Digit 1, if present, was an extremely small
single piece of cartilage articulated to the anterior side of the wrist. In the forelimbs with
only four digits it appeared that the anterior articulation was absent. In contrast, and
consistent with the much milder phenotype at E18.5, Prmt5¢KO hindlimbs appeared
relatively normal (Fig. 3.5N, O). Although the digits were on average shorter than the
control digits, it was not statistically significant at this stage (Fig. 3.5P). We conclude that
the phenotypes seen in Prmt5cKO limb buds are the result of primary defects in early

cartilage specification.

3.5: GENOMIC ANALYSIS OF PRMT5CKO LIMBS

To obtain insight into the genetic pathways affected by PRMTS5, we performed
RNA-seq on E11.5 control and Prmt5¢KO forelimbs (Fig. 3.6A) and identified 208
differentially expressed genes using stringent conditions (fold-change > 2, an average
FPKM >1 and g-value<0.01; Table S1). We then identified enriched categories using
gene ontology (GO) terms (Wang et al., 2013). Top categories included upregulation of
apoptotic and BMP signaling genes and the downregulation of genes involved in
chondrogenic differentiation (Table S2). In addition, several of the significantly

downregulated genes cause human syndromes with short digits (brachydactyly),
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including Gdf5, Bmprlb and Noggin (Al-Qattan et al., 2015; Byrnes et al., 2010;
Lehmann et al., 2007; Lehmann et al., 2003; Ploger et al., 2008).

As PRMTS5 regulates the formation of the spliceosomal complex, we also
examined the frequency of intron retention in transcripts. We fit a logistic regression
model of the ratio of intron to exon counts for genes in control and Prmt5cKOs and
estimated the odds ratio between the groups. Genes in Prmt5cKOs have 1.3 times higher
odds of a read coming from intron than the same genes in control, indicating that the
number of retained introns is significantly elevated compared to controls (Fig. 3.6B).
Consistent with this result, there is also a difference in the probability distribution of the
intron retention rate (Fig. 3.6C). Because the differences are small, the biological

significance of this finding is presently unclear.
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Figure 3.6: Prmt5¢KO limb buds have elevated expression levels for apoptotic pathway
genes. (A) Scatterplot of gene expression (FPKMs) for Prmt5¢KO and control
RNA-seq data. The blue data points indicate significantly changed genes
using a stringent cutoff (B) Histogram showing the odds ratio
((intron/exon)prmsscxo/ (intron/exon)control) acquired from logistic regression
analysis. The odds ratio was 1.30 (95%CI (1.22, 1.38)). (C) Frequency of
intron retention rate (intron/gene read count) of all genes for control (grey)
and Prmt5¢KOs (blue), average rates are indicated by the dashed lines
(Control=0.53, ¢cK0O=0.58). (D) qRT-PCR validation of genes in known
signaling pathways involved in limb development. Abbreviation: FPKM,
Fragments Per Kilobase of Exon Per Million Fragments Mapped.

53



3.6: THE SHH-FGF LOOP IS UNAFFECTED IN PRMT5CKOS

Due to the severe limb truncations and high levels of apoptosis observed in limb
buds deficient in SHH or AER-derived FGFs, we first considered the breakdown of the
SHH-FGF feedback loop as a potential cause of the Prmt5¢KO phenotype. (Chiang,
2001; Sun et al., 2002; Zhu et al., 2008). However, several lines of evidence suggest that
neither of these pathways is reduced in Prmt5cKO limb buds. Shh, Fgf8, Spry4 and
HoxD13 expression levels were either unchanged or slightly upregulated in Prmt5¢KO
forelimbs both in the RNA-seq data as well as in independent qRT-PCR experiments
(Fig. 3.6A, D). Moreover, their gene expression domains are also unaltered (Fig. 3.7).
Finally, limb buds lacking expression of SHH and FGF have greater reductions in digit
number compared to Prmt5cKO forelimbs while the remaining digits do not have the
brachydactyly or absence of joints observed in Prmt5cKO forelimbs (Chiang, 2001;
Kraus et al., 2001; Sun et al., 2002; Zhu et al., 2008). We conclude that the SHH-FGF

loop is intact and largely unaltered.
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E11.5

E12.5
HoxD13

Figure 3.7: Fgf and Shh signaling are spatially unchanged. /n-situ hybridization on E11.5
control and Prmt5¢KO forelimbs for the indicated genes. The numbers

within the panel indicate the somite stage of the embryo. Scale bar indicates
500um.
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3.7: PRMTS5 PREVENTS APOPTOSIS IN THE DISTAL LIMB BUD

Prmt5¢KO limbs had a significant increase in expression of genes involved in
apoptosis. Therefore, we next determined the extent of apoptosis in the developing limb.
Consistent with the RNA-seq findings, there was a substantial increase in apoptotic cells

in E11.5 Prmt5cKO forelimbs (Figs. 3.8A, D; 3.9).
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Figure 3.8: Prmt5cKO limb buds have elevated apoptosis and precocious differentiation
in the distal limb bud.
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Figure 3.8: Prmt5¢cKO limb buds have elevated apoptosis and precocious differentiation
in the distal limb bud. Immunostaining for Cleaved Caspase-3 (A, D) and
double staining for Cleaved Caspase-3 (pink) and SOX9 (green) (B, E) in
control and Prmt5cKOs. (C, F) Quantification of fluorescent intensity for
Cleaved Caspase-3 (pink) and SOX9 (green) in control (C) and Prmt5¢KOs
(F) from the distal region demarcated by the white boxes in panels B and E,
respectively. Dashed lines indicate distal boundary where SOX9 expression
drops below 20% intensity in the control embryo. (G, J) SOX9 (green) and
Cleaved Caspase-3 (pink) double staining (also see controls in Fig. 3.11).
Arrows indicate Cleaved Caspase-3 positive cells that are also expressing
SOX9. (H, K) SOX9 and (I, L) DAPI only staining. (M) Quantification of
Cleaved Caspase-3 positive cells co-expressing SOX9 in autopod regions of
control and Prmt5¢KO limbs. Maximum intensity projections of 3 biological
replicates were quantified for control and Prmt5cKOs. (N) Cartoon
indicating the widespread apoptosis in the distal region of Prmt5cKO limb
buds. Cells currently undergoing apoptosis co-express SOX9 (green) and
Cleaved Caspase-3 (pink) while the previous locations of cells that have
undergone apoptosis are indicated with dashed outlines. Note the lack of
apoptosis in differentiating chondrocytes. Scale bars indicate S0um.
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TUNEL SOX9/TUNEL

E11.5

Prmt5cKO

Figure 3.9: Apoptosis is upregulated in the Prmt5¢KOs at E11.5. Immunostaining in
sections from E11.5 control and Prmt5¢KO forelimbs for TUNEL (A, C)
and TUNEL (pink) and SOX9 (green) double staining (B, D). Scale bar
indicates 100pum.
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Figure 3.10: Apoptosis is upregulated in the Prmt5cKOs at E12.5. Whole mount limb
buds stained for Lysotracker red in control and Prmt5¢KO forelimbs (A, B)
and hindlimbs (C, D) at E12.5. Scale bar indicates 500um.

High levels of apoptosis were sustained at least through E12.5 (Fig. 3.10).
Compared to the forelimb, the hindlimb had fewer apoptotic cells (Fig. 3.10B, D),
perhaps explaining the milder phenotype. To determine which cells were dying, we
examined sections that were co-stained for Cleaved Caspase-3 and SOX9 (Fig. 3.8B, E).
Consistent with the gene expression data (Fig. 3.5A-C), the SOX9 domain was
proximally truncated. The expanded region of distal mesenchyme contained the majority

of apoptotic cells with the apoptotic domain located outside the SOX9-expressing
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cartilage condensates (Fig. 3.8C, F). While control embryos rarely expressed SOX9 in the
distal limb (an average of 4 cells per section; n=3) (Fig. 3.8G-1, M), the large majority of

apoptotic cells express low levels of SOX9 (Figs. 3.8J-N; 3.11). The presence of SOX9 in
apoptotic cells lying outside the normal condensate domain suggests that the mesodermal

progenitor cells undergoing apoptosis may also be in the process of precociously

differentiating into chondrocytes.

Cleaved Caspase-3
488 488 DAPI

SOX9 Antibody

No SOX9

Figure 3.11: Control for apoptotic cells co-express Cleaved Caspase-3 and SOXO.
Sections were stained for SOX9 and Cleaved Caspase-3 (A-C) or Cleaved
Caspase-3 alone (D-F) and imaged with the 568nm laser (Cleaved Caspase-
3 primary and AlexaFluor 568-conjugated anti-rabbit) and the 488nm laser
(SOXO9 directly conjugated to AlexaFluor 488) to ensure that SOX9
expressing cells did not have bleed-through fluorescence caused by Cleaved
Caspase-3 staining. Scale bar indicates 50um.
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3.8: PRMT5CKOS HAVE INCREASED NON-CANONICAL BMP SIGNALING

The most upregulated limb-patterning gene in the Prmt5¢KO forelimbs was
Bmp4, while Bmp2 and Bmp7 were not significantly altered (Fig. 3.6D). Consistent with
the increased expression levels indicated by RNA-seq and qPCR, there was also a
substantial increase in the spatial domain of Bmp4 in Prmt5¢KO forelimbs as well as
hindlimbs (Fig. 3.12A-D). Msx2, a target of canonical BMP signaling while slightly
upregulated by independent qPCR (Fig. 3.6D) was unchanged by RNA-seq analysis and
its spatial expression was unaltered in in-situ hybridization (Fig. 3.12E, F). In addition,
the spatial domain and overall levels of phosphorylated SMAD 1,5.8, a direct readout of
BMP signaling, were unchanged (Fig. 3.12G, H; S7). Together, these results suggest that

there are not large alterations in responses to canonical BMP signaling.
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Figure 3.12: Prmt5¢KO limb buds have upregulated BMP activity and elevated levels of
phosphorylated P38.
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Figure 3.12: Prmt5¢KO limb buds have upregulated BMP activity and elevated levels of
phosphorylated P38. (A, B) In-situ hybridization of Bmp4 in control and
Prmt5cKO forelimbs at E11.5 (50 and 49 somites) and (C, D) hindlimbs at
E12.5. (E, F) In-situ hybridization of Msx2 in control and Prmt5¢KO
forelimbs at E11.5 (50 and 49 somites). (G) Western blot showing
pSMAD1/5/8 and ACTIN control in forelimbs from individual E11.5
embryos and (H) quantification of band intensities (pSMAD1/5/8
normalized to ACTIN) (control n=4; Prmt5¢KO n=4). (I-L) E18.5 skeletal
preparations of hindlimbs from the specified genotypes. (M) Bar graph
indicating digit number for each hindlimb of embryos from the specified
genotypes (Control n=22; Prmt5cKO n=4; Rosa®"'" n=18; Prmt5cKO/
Rosa®™" n=6). (N) Western blot showing phospho-p38 and pan-p38
control (blot was stripped and reprobed with pan-p38) in forelimbs from
individual E12.5 embryos and (O) quantification of band intensities
(phospho-p38 normalized to pan-p38) (control n=5; Prmt5cKO n=5). The
asterisk indicates statistically significant changes (P<0.01) in Prmt5¢KO
compared with heterozygous or control siblings using a Student’s t-test.
Error bars indicate standard error of the mean. The scale bars indicate
500um Abbreviations: CTR, control; pSMAD1/5/8, phosphorylated
SMAD1/5/8; phospho-p38, phosphorylated p38; p38, pan-p38
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As BMP4 activity is regulated on several levels, including negative transcriptional
feedback by GREM1 and proteolytic processing of the pro-protein, the increased Bmp4
expression does not imply an increase in BMP activity (Benazet et al., 2009; Bragdon et
al., 2011; Capdevila et al., 1999a; Michos et al., 2004; Norrie et al., 2014). To establish if
there is a biologically relevant increase in BMP activity in the Prmt5¢KO hindlimbs, we

Gremlin/+

crossed Prmt5cKOs into Rosa , a Cre-inducible line that reduces BMP activity by
over 50% (Norrie et al., 2014). As a consequence of reduced BMP activity, there is an
early failure of forelimb initiation while the hindlimbs have fully penetrant polydactyly
(Norrie et al., 2014). We reasoned that if BMP4 activity was increased in Prmt5cKO
hindlimb buds, it might rescue the hindlimb polydactyly caused by reduced BMP levels.
We did not expect to rescue the forelimb outgrowth defect in Prx!Cre*;Rosa e
embryos, as this is likely due to an early defect in AER specification that precedes limb
bud outgrowth (Norrie et al., 2014). As expected, control and Prmt5¢KO littermates had
5 hindlimb digits while Rosa®"'™* embryos had polydactyly with an average of 6.8

Gremlin/+

digits. Compared to Prx!Cre™ ;Rosa embryos, PrxICre™”
;Rosa®™i"* . Prmt5cKO embryos had a significant rescue in digit number (5.5 digits,
n=6) (Fig. 3.121-M). We conclude that the increased Bmp4 expression results in increased

BMP4 activity that can offset hindlimb polydactyly caused by reductions in BMP

activity.
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E11.5

Control Prmt5cKO

PSMAD1/5/8

Figure 3.13. pSmad1,5,8 expression is spatially unchanged. (A, B) Immunostaining for
phosphorylated Smad 1,5,8 in control and Prmt5¢KO forelimbs at E11.5.
Embryos were fixed for 3 hours then transferred into 70% EtOH and
vibratome sectioned (100 um). Sections were incubated with primary
(1:100) overnight at 4 degrees, and subsequently incubated with secondary
Alexa Fluor-488 (1:250) for 4 hours at room temperature. Images were
taken on a Zeiss LSM 710 confocal at 63x magnification, stitched and
processed to indicate maximum intensity projections.

Increased BMP activity has been shown to cause apoptosis in embryonic limb
buds (Macias et al., 1997) and consequently the increased BMP activity in Prmt5¢KO
hindlimbs likely drives apoptosis. As canonical BMP signaling was not noticeably
upregulated, we analyzed levels of phosphorylated p38 (phospho-p38), which mediate
non-canonical BMP signaling (Derynck and Zhang, 2003; Kondo et al., 2014;
Kuroyanagi et al., 2015). There was a significant upregulation of phospho-p38 in
Prmt5¢KO limb buds (Fig. 3.12N, O), suggesting that the upregulation of BMP4 may

activate apoptosis through non-canonical p38 signaling.
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3.9: DISCUSSION

The conditional deletion of Prmt5 confers a striking limb phenotype. All skeletal
elements in the forelimbs are truncated with wispy digits that lack joints while the
hindlimbs are less severely affected. Underlying the phenotype is widespread apoptosis
throughout the undifferentiated mesenchyme that occurs without obvious perturbations to
the SHH-FGF loop. The majority of the apoptotic cells are located distal to the SOX9-
expressing cartilage condensates but nonetheless precociously express low levels of SOXO.
This suggests that they have begun to precociously differentiate into chondrocytes, perhaps
because of heightened BMP activity. We conclude that PRMTS has an intrinsic role for

maintaining progenitor cells in the limb bud.

Initially, we considered that a breakdown in the SHH-FGF signaling loop caused
the truncation phenotype in the Prmt5¢KOs. However, Shh, Fgf8, the FGF-responsive
Spry4 (Minowada et al., 1999a) and Gremlin are not reduced spatially or quantitatively in
Prmt5¢KO forelimbs, suggesting the loop is intact even shortly before its normal
termination (Figs. 3.6A, D, 3.7). In addition, there are significant differences between the
Prmt5¢KO phenotype and those reported for Shh or compound Fgf mutants (Chiang, 2001;
Chiang et al., 1996; Sun et al., 2002). Prmt5cKO limbs, while also truncated, contain all
limb elements and most of the digits but lack distinct elements due to digit fusion and loss
of joints. They are also notably distinct from Grem1”~ limb buds, which have elevated BMP

activity. GremI” forelimbs have a disrupted SHH-FGF loop that leads to the loss of two
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digits. The remaining digits, while truncated, still contain joints (Khokha et al., 2003;

Michos et al., 2004).

3.9.1: Enhanced, non-canonical BMP activity in Prmt5cKOs

As Bmp4 expression is negatively regulated by BMP activity, the observed
increase in gene expression does not in itself imply enhanced activity (Khokha et al., 2003;
Michos et al., 2004; Norrie et al., 2014). The BMP target gene Msx2 (Lallemand et al.,
2005; Pizette and Niswander, 1999), although slightly upregulated in independent qRT-
PCR experiments (Fig. 3.6D), was unchanged in the RNA-seq analysis and does not have
consistently expanded spatial expression (Fig. 3.12E, F). In addition, there was no
detectable increase in pPSMAD1,5,8 activity either quantitatively or spatially (Figs. 3.12G,
H; 3.13) (see next subheading below for discussion on SOX9 induction). Nonetheless,
Prmt5¢KOs are able to rescue the polydactylous hindlimb phenotype present in a
Rosa®*™™ background that is caused by reductions in BMP activity (Fig. 3.12I-M),
suggesting that upregulation of BMP activity rescues digit number.

BMP signaling has well-established roles in driving apoptosis in the inter-digit
mesenchyme (Bandyopadhyay et al., 2006; Buckland et al., 1998; Ganan et al., 1996;
Kaltcheva et al., 2016; Merino et al., 1999a; Pajni-Underwood et al., 2007). The application
of BMP-containing beads to limb buds causes widespread apoptosis in uncondensed
mesoderm but does not affect condensed digit rays (Ganan et al., 1996; Macias et al., 1997).
Consistent with this, the majority of apoptosis in Prmt5cKOs occurs outside the

differentiating chondrocyte domain. Digit 1, the sole digit lost in mutants, is the last
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condensate to form in limb buds (Zhu et al., 2008) and therefore the most vulnerable to
apoptosis.

The p38 mitogen-activated protein kinase (MAPK) pathway, a mediator of non-
canonical BMP response, is substantially elevated in Prmt5¢KOs. Although the
mechanisms underlying the activation of p38 by non-canonical BMPs are not completely
understood, the non-canonical and canonical pathways are mutually antagonistic and, in
osteoblasts, can toggle between pathways (Feng and Derynck, 2005; Kimura et al., 2000;
Kua et al., 2012; Lo et al., 2001; Sapkota et al., 2007). This mutual antagonism provides
an explanation for the observed lack of upregulated pPSMAD signaling in embryos with
upregulated p38. Our results are also consistent with recent findings that BMPs directly
regulate apoptosis in inter-digit mesenchyme through an unidentified non-canonical
pathway (Kaltcheva et al., 2016). In other contexts, BMPs also induce apoptosis through
the p38 pathway (Cuadrado et al., 2007; Fukuda et al., 2006; Hay et al., 2001; Kendall et
al., 2005; Kondo et al., 2014; Kuroyanagi et al., 2015; Lafont et al., 2015; Tian et al., 2012).
These known roles for BMPs suggest that they mediate apoptosis in cartilage progenitor
cells, potentially through the upregulated levels of phosphorylated p38 that are present in

Prmt5¢KOs (Fig. 3.12N, O).

3.9.2: PRMTS is essential for the maintenance of chondrocyte progenitor cells

The majority of apoptotic cells in Prmt5¢cKOs lie within the undifferentiated,
uncondensed mesoderm that is distal to the normal SOX9 expressing domains (Fig. 3.8D-

F). In control embryos, there is a nearly complete absence of cells in this region that express
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SOX9 above background levels. In contrast to their neighboring, non-apoptotic cells,
apoptotic cells express low, but distinct levels of SOX9 (Fig. 3.8J-L). The abnormal
expression of SOX9 suggests that the uncondensed mesenchymal cells are undergoing
precocious differentiation. As low levels of BMP signaling are essential for activating
chondrogenesis and SOX9 in the distal mesoderm (Bandyopadhyay et al., 2006; Benazet
et al., 2012; Norrie et al., 2014; Pizette and Niswander, 2000), the elevated levels of BMP
activity in Prmt5¢KOs could result in the activation of precocious SOX9 in a subset of cells
that either concomitantly or subsequently undergo apoptosis. A caveat to this interpretation
is that SOX9 induction in this region of the limb bud requires the canonical BMP-mediator
SMAD4 (Benazet et al., 2012). While we do not detect elevated pPSMAD levels indicative
of enhanced canonical BMP signaling, we speculate that Prmt5cKO limb buds nonetheless
express mild and/or transient increases in canonical BMP activity that were not detectable
in our experiments. Consistent with this possibility, the activation of SOX9 occurs even in
conditions that substantially reduce BMP signaling activity in limb buds (Bandyopadhyay
et al., 2006; Norrie et al., 2014).

We propose the following model for PRMTS5-directed maintenance of progenitor
cells in the forelimb. In normal conditions, PRMTS5 inhibits Bmp4, thereby promoting
survival and continued proliferation of progenitor cells, while inhibiting their
differentiation into chondrocytes. In the absence of PRMTS5, an upregulation of Bmp4
triggers apoptosis through non-canonical BMP signaling. Sustained high levels of

apoptosis in the progenitor population deplete progenitor cells resulting in smaller numbers
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of chondrocytes that will eventually condense and differentiate into severely truncated

limbs (Fig. 3.14).

Niche Factors
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WNT
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Figure 3.14: PRMTS is essential for maintaining chondrocyte progenitor cells. During
normal limb development, undifferentiated progenitor cells express PRMTS,
which inhibits Bmp4, thereby promoting cell survival and limiting
differentiation. Prmt5-expressing cells are progressively restricted to the
distal tip of the developing digit rays where they likely continue to serve as
a progenitor population to the digits. In the absence of PRMTS, widespread
apoptosis depletes the chondrocyte progenitor cells, resulting in truncated
skeletal elements. Without Prmt5, an upregulation of Bmp4 drives
precocious differentiation and apoptosis.

Prmt5 is expressed in both the forelimb and hindlimb (Fig. 1B-G) but Prmt5¢KO

forelimbs have more severe defects than the hindlimbs (Fig. 3.4 A, E, F). Nonetheless,
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nearly all hindlimb elements are reduced in size (Fig. 3.4F, L). This difference is likely due
to the differential onset of Cre expression in the Prx/Cre transgene, which has delayed
activity in the hindlimb compared to the forelimb (Logan et al., 2002) resulting in a longer
duration of PRMTS activity during hindlimb development in Prmt5¢KOs. This explanation
is consistent with the comparatively reduced apoptotic domain in the hindlimbs, which is
more distally restricted (Fig. 3.9). Placed in the context of our model, it suggests a transient
requirement for PRMTS; the later loss of Prmt5 results in the production of more
chondrocytes before the progenitor population starts undergoing apoptosis.

The expression of Prmt5 becomes progressively restricted to undifferentiated limb
mesoderm, and is finally expressed the uncondensed mesoderm distal to the digit ray
(arrowheads in Fig. 1D). This region corresponds to the phalanx-forming region (PFR), an
uncondensed progenitor region expressing SOX9 gives rise to progressively more distal
digit elements (Suzuki et al., 2008; Witte et al., 2010). The loss of this region could
contribute to the truncated, unarticulated digits in Prmt5cKOs. Alternatively, digit
truncation could be occurring analogously to Noggin™ embryos, in which BMP levels are
elevated (Brunet et al., 1998). Both Prmt5¢KO and Noggin™" embryos have truncated digits
that lack joints. However, Noggin”~ embryos have normal numbers of digits (and even
occasionally ectopic cartilage elements) that are thick and stubby, contrasting the wispy
digits in Prmt5cKO. It is presently unknown whether Noggin™ autopods undergo apoptosis,
and future studies will be required to clarify whether the truncated digits are primarily

caused by an inability to form articulated phalanges or the depletion of a progenitor pool.
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3.9.3: PRMT5-mediated mechanisms for maintaining progenitor cells

How is Prmt5 itself regulated? The co-administration of FGF8 and WNT3a is
sufficient to maintain cultured limb bud mesenchyme in a distal, undifferentiated state,
likely reflecting their endogenous role (Cooper et al., 2011; ten Berge et al., 2008). It is
tempting to speculate that they could maintain the expression of Prmt5, which would then
act as a downstream effector. Interestingly, Prmt5 also mimics the later expression pattern
of Figf8, which becomes restricted to the distal tip of the digit rays during later development
(Lu, 2006). Another potential interacting factor is WNT5a, whose loss leads to truncated
limbs that have similarities to Prmt5cKOs, although without apoptosis (Gros et al., 2010b;
Wyngaarden et al., 2010; Yamaguchi et al., 1999; Yang et al., 2003). Alternatively,
differentiation factors might repress Prmt5, restricting its expression and subsequent
activity to progenitor cell populations. Although we favor the first model, additional
experiments will be necessary to determine if and how external signaling factors regulate
Prmt5.

Our results indicate that PRMTS maintains chondrocyte progenitor cells at least in
part by inhibiting BMP4-mediated differentiation. Interestingly, an in-vivo population of
GremI-expressing mesenchymal skeletal stem cells was recently identified that has the
potential to give rise to bone and cartilage in postnatal animals (Worthley et al., 2015).
While this population is not active in embryos, it highlights a central role for BMP
suppression in both embryonic and adult progenitor populations. In several stem cell
populations, Prmt5 helps maintain pluripotency by inhibiting differentiation factors,

suggesting a similar mechanism with limb bud progenitors (Nagamatsu et al., 2011; Tee et
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al., 2010). PRMTS directly interacts with several different repressor complexes including
SKI and BLIMP1 (Ancelin et al., 2006; Bedford and Clarke, 2009). Blimp1 is required for
the posterior limb bud, however the BlimpI null limb phenotype is quite different and cell
death is not affected (Robertson et al., 2007). In addition, PRMTS symmetrically
dimethylates arginines on a variety of histones, including histones H2A, H3 and H4, which
affects the binding ability of repressor complexes (Tee et al., 2010; Zhao et al., 2009).
Finally, PRMTS5 also has the ability to methylate other proteins that could directly or
indirectly inhibit differentiation. Regardless of the mechanism, the dynamic expression of
Prmt5 in multiple embryonic tissues suggests that it has a central role in maintaining

embryonic progenitor cells and regulating their differentiation.
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Chapter 4: Future direction and concluding remarks

In this work, we uncover specific mechanisms controlling chondrogenesis during
limb development. First, I show that BMPs are necessary between E10.5 and E11.5 to
negatively regulate digit number and that FGFs can inhibit BMP driven chondrogenesis,
(Chapter 2). Additionally, I show that PRMTS plays an essential role maintaining chondro-
progenitor cells in the developing limb and loss of Prmt5 results in upregulation of BMPs,
apoptosis, and severe limb truncations (Chapter 3). These studies significantly advance our
understanding of how chondrogenic differentiation takes place in the developing limb.
However, there are still some important questions that need to be addressed: How is FGF
regulating BMP-mediated chondrogenesis? How is Prmt5 expression regulated? And how

is Prmt5 regulating factors such as BMPs?

4.1: WHAT ARE THE MECHANISM OF FGF INHIBITION OF BMP-MEDIATED

CHONDROGENESIS?

In Chapter 2, we show that while addition of BMP to limb mesenchymal cultures
promotes chondrogenesis, adding both BMP and FGFs significantly reduces
differentiation. These data suggest that FGFs can inhibit BMP-mediated chondrogenesis. I
hypothesize that FGFs may act through a repressor to counteract BMP-mediated
chondrogenesis, and we speculated that HOX family genes may serve as this repressor.
However, based on the data presented in Chapter 3, showing that PRMTS is able to repress
Bmp4, it is possible that PRMTS5 could be the factor downstream of FGFs that inhibits
BMPs. Using limb bud cultures, we could inhibit Fgf signaling and determine whether
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Prmt5 expression is reduced. Furthermore, if we found that BMP driven chondrogenesis
was no longer inhibited by the addition of FGF in the absence of PRMTS5 we could conclude
that PRMTS likely mediates FGF-mediated BMP inhibition in the limb. Crucially, these
experiments could provide evidence for a direct link between the opposing roles we known

for BMPs and FGFs during limb development.

4.2: FURTHER DEFINING PRMT5 REGULATION OF CHONDROPROGENITOR CELLS

Knockout of Prmt5 is embryonic lethal due to its essential roles in embryonic stem
cell and primordial germ cell survival and pluripotency (Branscombe et al., 2001; Kim et
al., 2014; Tee et al., 2010; Wang et al., 2015a). Therefore, the role of Prmt5 in later
embryonic development has never been explored. In Chapter 3 we show that Prmt5 is
expressed in discrete progenitor cell populations during development and that it is essential
in limbs for the maintenance of chondroprogenitor cells (Fig. 3.1). This new role for Prmt5
during embryogenesis leads us to wonder what are there other tissue specific roles for
Prmt5 during embryogenesis? It is strongly expressed in the brain and presomitic
mesoderm at E11.5, where conditional inhibition could be used to study its functions.
Furthermore, while we know PRMTS5 can methylate both proteins and histones to regulate
cellular processes, how it is controlling gene expression within the limb is still unclear. To
determine if PRMTS5 globally or specifically methylates histones to repress expression,
ChIP-seq for repressive histone methylation, H4R3me2s and H3R8me2s, could be
combined with our Prmt5¢KO RNA-seq data to determine direct regulation of regulatory

regions around mis-expressed genes.
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These studies have uncovered important events contributing to proper
chondrogenic differentiation. We now have a more complete understanding of how limb
buds regulate size and initiate chondrogenesis. Additionally, we now have evidence of how
chondroprogentior cells in the distal limb are maintained and how they contribute to the
growth of differentiating skeletal elements in the proximal limb. Furthering this research

will bring us closer to a complete model of limb development.
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Chapter 5: Materials and Methods

5.1: CREATION OF MOUSE STRAINS AND MANIPULATION OF EMBRYOS

Experiments involving mice were approved by the Institutional Animal Care and

Use Committee at the University of Texas at Austin (protocol AUP-2013-00168).

5.1.1: RosaGremlin mice

A mouse Grem1 cDNA was subcloned into pBigT and targeted to the Rosa26 locus
under control of the Rosa26 promoter in CJ7 ES cells (Srinivas et al., 2001; Swiatek and
Gridley, 1993). ES cells were then injected to generate a Cre-inducible Gremlin,
RosaGremlin, (official name is Gt(ROSA)26Sor<tml1(Greml)Svok>; Accession ID:
MGI:5561086). Embryos were genotyped for the presence of the Rosa26 knock-in allele
using the following primers that generated a 315bp amplicon: 5’GCGAAG
AGTTTGTCCTCAACC3’ and 5° AAAGTCGCTCTGAGTTGTTAT3’. RosaGremlin
mice were crossed to PrxCre (Logan et al., 2002), HoxB6CreER (Nguyen et al., 2009),
ShhCre (Harfe et al., 2004) and RosaCreER™ (Ventura et al., 2007) lines. Pregnant mice
containing HoxB6CreER embryos were intraperitoneally injected with 3mg of Tamoxifen

per 40g at specified times.

5.1.2: Prmt5 mice

A Prmt5 conditional mouse line, Prmt5™>cEVCOMMWisi - (hereafter referred to as

Prmt5¢) was crossed with Prx/Crel™” males (Logan et al., 2002) to generate PrxICre™”
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(4

Prmt5¢" males. These were crossed with Prmt5° females to generate PrxICre™;
Prmt5¢¢ embryos (Prmt5cKOs). Prmt5 alleles were detected with the primers: 5°-
TGGAACTGCAGGCATATGCC-3’ and 5’-TTCTGGCCTCCATGGGGGAA-3’,
generating a 465 base-pair fragment for the conditional allele and a 247 base pair
fragment for the wildtype allele. Prmt57 females were crossed with
Gt(ROSA)26Sor™!(Grem1)Svok mice (referred to as Rosa® ™) (Norrie et al., 2014) to

Gremlin/+

generate Prmt5“";Rosa mice that were subsequently crossed to PrxCre*”

;Prmt5¢" mice to generate PrxICre*";Prmt5¢¢;Rosa®*""™* embryos.

5.1.3: Embryonic manipulations

Skeletal preparations were performed as previously described (Allen et al., 2011).
Limb skeletal elements were imaged with a Canon EOS Rebel T2i with macro lens or on
a Leica M 165 stereo microscope and quantified using Image J.

In cell proliferation experiments, pregnant females were intraperitoneally injected
with 2mg BrdU and embryos were collected 1 hour later. Lysotracker Red staining was
visualized using 1:2 benzyl alcohol:benzyl benzoate using established protocols except that
limb buds were stained for 5 minutes in Lysotracker Red (Fogel et al., 2012; Zhu et al.,
2008).

In-situ hybridizations were performed using standard protocols and visualized in
glycerol, the exception being Col2al in-situs, which were visualized after 1:2 benzyl

alcohol:benzyl benzoate clearing.
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5.2: WESTERN BLOTS

Limb buds from E11.5, E12.5 or E16.5 limb buds (ectoderm was removed in Fig.
2.1) were homogenized in RIPA buffer (SmM Tris 7.5, 150mM NacCl, 0.1% SDS, 0.5%
sodium deoxycholate, 1% Triton-X100) containing complete mini EDTA free protease
inhibitors and PhosphoSTOP (Roche). Approximately 10-20ug of each sample was run on
a 8% SDS PAGE gels (15% for SDMA), transferred onto PVDF membranes (nitrocellulose
for pSMAD) and incubated with primary antibodies. Primary antibodies include; anti-
PRMTS5 (Cell signaling 07-405 1:500), anti-pSMAD 1,5,8 (Cell signaling #9511 1:500),
anti-P38 (Abcam ab170099 1:2500), anti-phospho-P38 (Cell signaling #4511 1:1000),
anti-GAPDH (Cell Signaling #2118 1:1000), anti-ACTIN (Sigma #A2066 1:2000), anti-
SDMA (2C3D6) (Dhar et al., 2013). Membranes were then incubated in Donkey anti-rabbit
secondary (Jackson Immunoresearch 711-035-152 1:2000) and developed using ECL
Prime Western Blotting Detection Reagent (GE Healthcare). Band intensities were

quantified (ImageQuant Chapter 2, Image J Chapter 3).

5.3: IMMUNOSTAINING

Figures 2.13 A, E were imaged on a Zeiss Axiovert Fluorescent light microscope.
All other immunostaining images were taken on a Zeiss confocal (710 or LSM 700). Limb
buds were fixed in 4% paraformaldehyde for 20 minutes at room temperature. Cryosections
were incubated with primary. Primaries used include anti-phosphohistone H3 (1:200;
Millipore #06-570), anti-Cleaved Caspase 3 (Cell signaling #9664 1:250), anti-SOX9
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Alexa Fluor 488 conjugate (Millipore AB5535-AF488 1:250), anti-SOX9 (Millipore
AB5535 1:250), Alexa Fluor 568 goat anti-rabbit secondary (Life technologies A11036
1:250), and DAPI (Life technologies D1306). Tunnel staining was accomplished using an
in-situ cell death detection kit, Fluorescein (Roche 11684795910). Unless noted otherwise,
confocal images collected as tiled scans and processed using ZEN (Zeiss) to obtain
maximum intensity projections. The total number of phosphohistone H3-expressing cells
and DAPI expressing cells were counted using CellProfiler 2.0 (r11710) as described
previously (Ljosa and Carpenter, 2009). Flourescent intensity was quantified using Image
J. Limb buds used for visualizing BrdU/Sox9 expression were cryosectioned prior to
fixation in acetone for 2 min. Sections were then incubated for 30 minutes in 2M HCI, 5
minutes in Tris base, blocked for 15 minute at room temperature in TNB buffer (0.1M Tris
pH 3.5, 0.15M NacCl, 0.5% Blocking solution (Roche #11096176001)) and incubated with
primary antibodies (Sox9 1:500 - Millipore #AB5535; Biotin-conjugated BrdU 1:50 -
Abcam #ab74547) and either Alexa Flour 568-conjugated goat anti-rabbit (1:250) or
streptavidin-conjugated Dylight 488 (1:200) followed by DAPI. The fluorescence intensity

of anit-Sox9 immunostaining was analyzed using MetaMorph.

5.4: FLOW CYTOMETRY ANALYSIS

Hindlimb autopods at E11.75 (45-49 somites, 1 litter per experiment containing
hindlimbs from a minimum of 3 embryos per genotype) or E12.5 (hindlimbs from 2-3

embryos per genotype per experiment) were dissected as previously described (Lopez-Rios
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et al., 2012). Cells were prepared for analysis using the FITC BrdU Flow Kit (BD
Biosciences) and sorted on an LSRII Fortessa FCM (BD Biosciences). Data was analyzed

using FlowJo software.

5.5: LIMB MESENCHYMAL CULTURE

We used Hindlimbs from E11.5 (45-49 somites) Prx-RG and sibling controls
(PrxCre*"). Five separate experiments were performed, and per experiment, we pooled
both hindlimbs from approximately three embryos. Limb cell cultures were performed as
described in (Lewandowski et al., 2014). Briefly, for each respective genotype, limb buds
were trypsinized and cells were passed through a 40uM nylon filter. Dissociated limb cells
were plated at approximately 150,000 cells per well on 96-well half area plates. Limb cells
were cultured for 24 hours in either control media or media supplemented with 150ng/mL
FGF8b (R&D Systems,), 50ng/mL BMP4 (R&D Systems), or both. At 24 hours cells were
harvested, RNA was extracted using PureLink RNA mini kit (Ambion) and treated with
DNAse I. cDNA was synthesized using SuperScript Il with random hexamers (Invitrogen)

from 250ng of total RNA.

5.6: QUANTITATIVE RT-PCR

RNA was extracted from limb buds wusing Trizol Reagent (Life
Technologies;15596-026) and cDNA was synthesized using SuperScript 11 with random

hexamers (Invitrogen; 18064-014) from 500ng of DNAse 1 treated total RNA. Gene
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expression experiments were performed on a Viia7 (ABI) platform using SensiFast SYBR
Lo-Rox (Bioline). Unless specified otherwise in the figure legends, values were normalized
to beta-actin. Fold-changes in gene expression was calculated using the delta-CT method

(Livak and Schmittgen, 2001). Primers used in this study are listed in Table 1.

Accth F GCTGTATTCCCCTCCATCGTG
R CACGGTTGGCCTTAGGGTTCAG
Agcl F AGGACTGAAATCAGCGGAGA
R AGGGACATGGTTGTTTCTGC
Axin? F GAGGAGATCGAGGCAGAAGC
R CACCTCTGCTGCCACAAAAC
Bmp2 F CAAAGCAGGACCAGTGGGAA
R AGCCCCCTGGAAGGGATTAT
Bmpa F ACGTACTCCCAAGCATCACC
R GCACAATGGCATGGTTGGTT
Bmp7 F CGCACTCTCCCTCACAGTAG
R AAGACGCCAAAGAACCAAGA
cdké F TCCCAGGAGAGGAAGACTGG
R GCCGTAGGCGGATATCCTTT
Col2al F GATGGCTGGAGGGTATGACG
R CAGGTTCACCAGGATTGCCT
Dusp6 F CGGAAATGGCGATCTGCAAG
R GACGACTCGTACAGCTCCTG
Fgf8 F CCGGACCTACCAGCTCTACA
R GGCAATTAGCTTCCCCTTCT
Gapdh F GGTGAAGGTCGGTGTGAACG
R CTCGCTCCTGGAAGATGGTG
Glil F CCCAGCTCGCTCCGCAAACA
R CTGCTGCGGCATGGCACTCT

Table 5.1: qRT-PCR primer sequences.
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HoxD13 F TGTCCACTTTTGGATCCGG
R TTCTTCCTTCCCCGTCGGTA
Msx2 F CAAGTGAAGGGGGAGGTGTA
R CAGGGACCTGACATGGAGTT
Prdmil F ATCCAGCTTCCCTACCGAGT
R GGGGGACTACTCTCGTCCTT
Ptchl F GACCGGCCTTGCCTCAACCC
R CAGGGCGTGAGCGCTGACAA
Shh F TCTCGAGACCCAACTCCGAT
R GACTTGTCTCCGATCCCCAC
Smad? F CCTTCCCTTTGGATCAGCGT
R CACTATGAGCCTCTCAGCCG
Sox9 F TAAGTTCCCCGTGTGCATCC
R TTGCCCAGAGTCTTGCTGAG
Spry4 F GACCCACTCGGGTTCGGGGA
R GGGGCGCTCTGCTGTCAAGG

Table 5.1 Continued.

5.7: RNA-SEQ

RNA from three control and two Prmt5c¢KO forelimbs were pair-end sequenced
on the Illumina HiSeq 2500 platform. On average we obtained over 26 million aligned
pairs per sample. Reads were analyzed using FastQC and sequences were trimmed to
100bp using FASTX-Toolkit. Trimmed sequences were aligned to the mouse mm10
genome using Tophat/2.0.10 (with Bowtie/2.1.0) (Trapnell et al., 2012). Aligned reads
were assembled, merged, and tested for differential expression using Cufflinks/2.1.1

(Trapnell et al., 2012). Differential expression data was analyzed in R using
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CummeRbund (RStudioTeam, 2015; Trapnell et al., 2012). We chose genes with a fold-
change>2, an average FPKM >1, and a g-value<0.01 (Storey and Tibshirani, 2003) in
expression between control and Prmt5¢KO (208 genes) for GO analysis. The RNA-seq

datasets were deposited in GEO (accession #GSE79487).

To identify retained introns, we first identified genes with two or more exons and
mapped sequencing reads to their defined exonic and intronic regions using mouse mm10
“TxDb.Mmusculus.UCSC.mm10.knownGene” (R package version 3.2.2). For each gene,
we assumed the read count of intron X followed a binomial distribution with parameters
n and p. We then calculated X~B(n,p), where n was the total read count of the gene, and
p was the probability a read came from an intron. We fit this to a logistic regression

model to estimate the coefficient f;:
log(p/(1-p))= Lo+ *group, where group was 0 for control and 1 for Prmt5cKO

Based on this model, changing the genetic background from control to Prmt5¢KO would

increase the odds of a read coming from intron by e#t fold. The mean of estimated b
across all genes was 1.30, and the 95% confidence interval was (1.22, 1.38). Across all
analyzed genes, the average of B is significantly different from 0 (One Sample t-test, p <

0.001).
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Appendix A: RosaGrem digit phenotype quantification

This appendix contains tables quantifying digit phenotypes in various RosaGremlin

CTroSses.

PrxCre

WT RG

Hindlimb
Polydactyly 0 10
Normal 15 |0
Total 15 10

Forelimb
Polydactyly 0 1
Digit Reduction 0 2
No Forelimb 0 7
Normal 15 |0
Total 15 10

Table A.1: PrxCre E18.5 digit phenotypes. Polydactyly is the presence of an ectopic digit.
Digit reductions refer to embryos with less than 5 digits. Embryos with no
forelimbs had only small pieces of cartilage attached to the scapula.
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ShhGFPCre

WT RG

Hindlimb
Polydactyly 0 3
Distal Bifurcations 0 1
Normal 4 0
Total 4 4

Forelimb
Polydactyly 0 1
Nubs 0 3
Normal 4 0
Total 4 4

Table A.2: ShhCre E18.5 digit phenotypes. Polydactyly is the presence of an ectopic
posterior digit. Distal bifurcations refer to ectopic pieces of cartilage attached
to the distal phalanges. Nubs refer to ectopic pieces of cartilage on the outside
of the anterior or posterior most digit.
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HoxB6CreER

Hindlimb
9.5 10 10.5 11 s
WT RG RGG|WT RG RGG|WT RG RGG|WT RG RGG|WT RG RGG
Polydactyly - - - - - 8 - 3 3 - - - - - -
Distal Bifurcation - - - - - - - 1 - - 1 3 - - -
Nubs - - - - 1 - - 2 - - 5 - - 2 3
No Hindlimb 1 3 - - - - - - - - - - - -
Normal 4 3 2 8 - - 7/ - 5 - 1 2
Total 4 4 5 8 1 8 7 6 3 5 6 4 2 2 3
Forelimb
Nubs - - - -1 8 - 6 3 - 4 4 - - -
Digit Reduction 1 3 - - - - - - - - - - -
Normal 4 3 2 8 - - 7 - - S 2 2 2 3
Total 4 4 5 8 1 8 7 6 3 5 6 4 202 3

Table A3: HoxB6Cre E18.5 digit phenotypes. Polydactyly is the presence of an ectopic

posterior digit. Distal bifurcations refer to ectopic pieces of cartilage attached
to the distal phalanges. Nubs refer to ectopic pieces of cartilage on the outside
of the anterior or posterior most digit. Embryos without hindlimbs had only
ectopic pieces of cartilage on their pelvic gurdle. Digit reductions refer to
embryos with less than 5 digits.
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RosaCreER

Hindlimb

9.5 10.5 11.5 12.5
WT RG |WT RG |WT RG |WT RG

Polydactyly - 5 - - - - - -
Nubs - 7 - 5 - - - -
Normal 6 - 6 - 7 5 4 4
Total 6 12 6 5 7 5 4 4

Forelimbs
Nubs - 12 - 5 - 3 - -
Normal 6 - 6 - 7 2 4 4
Total 6 12 6 5 7 5 4 4

Table A4: RosaCreER E18.5 digit phenotypes. Polydactyly is the presence of an ectopic
posterior digit. Nubs refer to ectopic pieces of cartilage on the outside of the
anterior or posterior most digit.
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Appendix B: Prmt5cKO RNA-seq data

This appendix contains a table of differentially expressed genes in Prmt5cKO from

RNA-seq analysis and a table of GO terms associated with those genes.

Table Bl

Gene Control Prmt5cKO log2 !

Name FPKM  FPKM  fold change J-'*'"¢
Kdm5d 0.055 16.370 8.206 0.00E+00
Ddx3y 0.084 21.779 8.018 0.00E+00
Uty 0.068 12.509 7.522 0.00E+00
Eif2s3y 0.073 12.526 7.422 1.95E-09
Ano3 0.077 6.145 6.316 2.18E-13
Eda2r 0.520 17.887 5.105 0.00E+00
Mir34a 0.217 4.439 4.357 0.00E+00
Ptprv 0.315 3.927 3.642 0.00E+00
Pvtl 0.211 2.022 3.260 1.22E-13
Cengl 14.217 82.207 2.532 0.00E+00
Cdknla 3.450 19.893 2.528 0.00E+00
Fam212b 0.643 3413 2.408 0.00E+00
Phlda3 8.356 36.502 2.127 0.00E+00
Zmat3 3.036 11.958 1.978 0.00E+00
Cgrefl 0.896 3.424 1.934 2.65E-06
9230114K14Rik 0.847 3.117 1.880 4.25E-06
Mpegl 0.844 2.880 1.770 1.57E-08
Zfp365 2.140 7.047 1.720 2.13E-14
Ddit4l] 1.886 6.031 1.677 4.19E-09
C030034122Rik 0.564 1.733 1.620 1.82E-05
Sesn2 3.204 9.622 1.586 2.13E-14
Greml 7.996 23.527 1.557 0.00E+00
Slc19a2 4.097 11.704 1.514 0.00E+00
Aen 12.552 35.395 1.496 0.00E+00
Gria3 1.287 3.502 1.444 1.87E-10
Bbc3 1.903 5.072 1.414 2.35E-07
C3arl 0.722 1.897 1.393 1.00E-04
Mapkapk3 2.229 5.837 1.389 1.47E-12
Kikl14 0.936 2.432 1.377 7.06E-03
Tnfrsf10b 3.834 9.939 1.374 0.00E+00
Gtsel 13.245 33.535 1.340 0.00E+00
Gml11974 12.439 31.146 1.324 0.00E+00
Abcblb 1.019 2.527 1.311 2.96E-04
Stykl 0.682 1.687 1.307 4.35E-05
Tyrobp 3.406 8.416 1.305 3.64E-03
Cd36 0.596 1.467 1.300 1.19E-04
Assl 2.616 6.399 1.291 8.61E-08
Pvtl 2.765 6.747 1.287 1.39E-03
Snhg4 8.863 21.559 1.282 1.44E-07
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Table B1 continued

Gene Control Prmt5cKO log2 1

Name FPKM FPKM  fold change 1-Y*"°
Snordl104 15.793 36.317 1.201 8.65E-10
Fgfbp3 1.235 2.827 1.195 4.45E-03
Def6 3.388 7.739 1.192 4.23E-06
9030025P20Rik 5.929 13.429 1.179 1.04E-07
Emrl 1.898 4.290 1.177 1.58E-07
463243411 1Rik 7.482 16.900 1.175 0.00E+00
Clgb 5.491 12.373 1.172 1.14E-04
Bax 54.153 120.684 1.156 0.00E+00
Pmaipl 12.480 27.748 1.153 3.87E-13
Arap2 0.760 1.626 1.099 8.81E-10
Rab260s 32.080 68.314 1.091 1.26E-07
Btbd19 1.032 2.194 1.088 2.39E-04
Mybl1 3.720 7.901 1.087 0.00E+00
1500015A07Rik 3.430 7.246 1.079 2.30E-07
Myolf 0.684 1.441 1.075 6.94E-03
Fcgr3 1.917 4.033 1.073 6.38E-03
Tfap2c 2.259 4,722 1.064 1.96E-08
Piddl 3.846 7.894 1.037 0.00E+00
Polk 5911 12.050 1.028 0.00E+00
Bmp4 16.058 32.429 1.014 0.00E+00
Prrg4 0.690 1.393 1.013 7.26E-04
Rhbdf2 1.391 2.791 1.005 1.51E-03
Fgf8 7.170 14.368 1.003 1.19E-10
Kptn 9.782 4.877 -1.004 5.35E-05
Dnah7b 2.954 1.473 -1.004 4.37E-07
Tmeml63 2.305 1.148 -1.006 2.80E-03
Nbli 25.501 12.690 -1.007 1.59E-07
Fibin 22.320 11.090 -1.009 1.09E-12
Adamtsl2 2.843 1.412 -1.009 0.00E+00
Postn 9.461 4.698 -1.010 0.00E+00
Probl,Spata24 11.269 5.579 -1.014 5.22E-06
Gprl53 4.040 1.993 -1.020 2.46E-08
1d4 6.666 3.283 -1.022 2.50E-07
Mir6901 12.460 6.133 -1.023 0.00E+00
Rnf182 1.527 0.751 -1.024 3.87E-03
2700069118Rik 8.058 3.958 -1.026 7.66E-03
Gsap 1.428 0.700 -1.027 1.54E-03
Mirl193 11.620 5.691 -1.030 5.61E-03
Mmpll 17.369 8.487 -1.033 1.25E-08
Olfml3 26.134 12.756 -1.035 4.11E-10
Nek8 6.483 3.154 -1.039 1.81E-10
Rasa4 1.797 0.874 -1.040 3.73E-04
Pdelc 1.545 0.751 -1.042 4.35E-05
Matn4 8.340 4.036 -1.047 6.05E-11
Sfmbt2 1.447 0.699 -1.049 1.63E-03
Rarb 2.843 1.372 -1.051 1.40E-04
Foxcl 8.987 4.335 -1.052 3.38E-10
BC002163 18.550 8.918 -1.057 1.63E-03
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Table B1 continued

Gene Control Prmt5cKO log2 1

Name FPKM FPKM  fold change 1-Y*"°
Spag4 1.749 0.838 -1.061 9.53E-03
Ttc38 3.441 1.649 -1.061 2.77E-06
Hs3st3al 8.019 3.843 -1.061 1.24E-07
Carkd 31.306 14.968 -1.065 0.00E+00
Mpnd 54.487 26.040 -1.065 4.69E-12
Adcy4 5.829 2.783 -1.066 1.57E-11
Rnaseh2c 104.536 49.797 -1.070 3.99E-10
Flotl 15.314 7.295 -1.070 3.61E-08
Cpgq 16.314 7.770 -1.070 3.50E-08
Ino80b 104.315 49.634 -1.072 0.00E+00
Dpyd 4.855 2.309 -1.072 4.05E-07
Bves 7.876 3.733 -1.077 1.41E-10
Nxph3 2.218 1.051 -1.078 8.54E-03
Hpse2 14.662 6.928 -1.082 0.00E+00
1600016N20Rik 2.024 0.956 -1.083 9.58E-03
Emp?2 4.369 2.059 -1.086 8.62E-05
Scrnl 5.262 2.476 -1.087 1.24E-07
Shisa?2 39.067 18.354 -1.090 4.14E-14
Mycbpap 1.689 0.788 -1.100 2.33E-04
Abca8b 2.382 1.110 -1.101 2.18E-13
Flywch2 21.386 9.957 -1.103 2.25E-08
Abca9 1.538 0.711 -1.113 2.18E-06
Pisd-psl 16.392 7.563 -1.116 0.00E+00
Zewpwl 4.839 2.229 -1.118 3.91E-08
Rnasel 5.349 2.462 -1.120 1.42E-13
GIbl12 1.941 0.892 -1.121 4.66E-05
Chrdll 12.794 5.876 -1.123 0.00E+00
Cadps2 5.443 2.498 -1.124 0.00E+00
Csgalnactl 1.624 0.741 -1.131 1.92E-04
Sat2 5.628 2.569 -1.131 3.11E-04
Lmbrl 5.426 2.468 -1.137 3.63E-04
Tubb4a 1.764 0.802 -1.138 7.61E-03
Hpse 1.699 0.770 -1.142 1.09E-03
Samd]2 4.149 1.872 -1.148 5.60E-03
Fdxr 6.799 3.063 -1.151 1.15E-06
Zcchel2 5.053 2.270 -1.154 9.37E-09
Isoc2a 11.321 5.033 -1.169 3.11E-05
Ebf2 6.693 2971 -1.172 3.05E-09
Pgm5 17.130 7.596 -1.173 2.84E-11
Prss35 4.013 1.776 -1.176 2.53E-09
Osr2 6.565 2.887 -1.185 5.56E-09
Vill 15.089 6.608 -1.191 0.00E+00
Strip2 1.557 0.681 -1.192 2.47E-04
Ngol 8.849 3.851 -1.200 1.04E-05
Slc2al3 1.616 0.703 -1.202 1.00E-04
Dpf3 2.004 0.869 -1.206 1.68E-03
Glis3 2.249 0.972 -1.211 1.89E-05
Acss2 5.489 2.368 -1.213 4.72E-08
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Table B1 continued

Gene Control Prmt5cKO log2 1
Name FPKM FPKM  fold change 1-Y*"°
Faml0Ola 6.332 2.716 -1.221 2.77E-06
Pcdhb22 3.661 1.570 -1.221 9.51E-09
Hacll 4481 1.914 -1.227 1.43E-08
Gfra3 1.923 0.820 -1.230 3.60E-03
Sdpr 3.386 1.442 -1.231 7.14E-05
Cdh8 1.693 0.721 -1.231 2.59E-03
Dcn 7.447 3.170 -1.232 1.08E-09
Adamts5 5.174 2.198 -1.235 1.00E-09
Serhl 7.769 3.298 -1.236 5.39E-05
Svopl 4.386 1.862 -1.236 3.58E-05
NirpS-ps 14.036 5.929 -1.243 0.00E+00
Kera 10.395 4.380 -1.247 0.00E+00
Ift43 23.670 9.869 -1.262 2.60E-12
Wikkn2 7.616 3.167 -1.266 0.00E+00
Hyi 3.996 1.647 -1.279 3.01E-03
Tle6 1.851 0.758 -1.288 7.47E-04
Pak7 1.605 0.656 -1.290 3.65E-04
Pycrl 4.804 1.962 -1.292 1.08E-05
D030045P18Rik 2.082 0.848 -1.295 3.76E-03
Rab3d 3.219 1.311 -1.296 5.91E-04
Gprin2 1.710 0.688 -1.314 2.52E-06
Sntal 3.494 1.401 -1.318 1.06E-04
Teplll2 3.374 1.351 -1.320 8.12E-05
Fuz 4.065 1.625 -1.323 1.65E-04
Col8a2 3.264 1.304 -1.324 1.07E-06
Hkdcl 1.833 0.730 -1.327 2.04E-04
9430076C15Rik,Creb5 8.925 3.553 -1.329 0.00E+00
Pnck 4.601 1.823 -1.335 6.45E-06
Sulfl 63.851 25.164 -1.343 0.00E+00
Mansc4 1.658 0.653 -1.344 2.27E-03
Atpla? 2.333 0.916 -1.348 1.63E-08
H2-Ke6 12.356 4.798 -1.365 3.75E-06
Gas2 43.764 16.934 -1.370 0.00E+00
Ndrg?2 8.127 3.124 -1.379 0.00E+00
Gsc 9.216 3.489 -1.401 7.80E-08
Col9al 118.337 44.694 -1.405 0.00E+00
Col9a2 27.036 10.185 -1.409 0.00E+00
Egfl6 3.821 1.419 -1.429 4.04E-07
Nkx3-2 3.337 1.232 -1.438 2.77E-06
Csad 8.509 3.125 -1.445 1.86E-08
Pde9a 8.179 2.960 -1.466 0.00E+00
Haghl 24.555 8.680 -1.500 0.00E+00
Apipl 7.240 2.556 -1.502 9.51E-09
Rdm1 13.017 4.575 -1.509 7.80E-08
Coll6al 5.828 2.001 -1.542 0.00E+00
Athll 10.940 3.746 -1.546 2.18E-13
Gstm7 15.019 4.878 -1.622 0.00E+00
Prmt5 40.900 12.518 -1.708 0.00E+00

93



Table B1 continued

Gene Control Prmt5cKO log2 1

Name FPKM FPKM  fold change 1-Y*"°
Gulo 2.281 0.684 -1.738 1.92E-06
Col9a3 22.962 6.857 -1.744 0.00E+00
Midl 7.679 2.274 -1.755 0.00E+00
Mturn 6.668 1.971 -1.758 0.00E+00
Pamrl 3.397 1.003 -1.760 3.05E-09
Miat 3.683 1.057 -1.800 0.00E+00
Acss3 3.968 1.132 -1.809 4.14E-14
Trpm5 1.761 0.484 -1.862 3.14E-11
Loxl1 7.136 1.929 -1.888 0.00E+00
Eps8l1 2.290 0.602 -1.928 1.89E-09
Fxydl 3.329 0.847 -1.974 5.87E-03
Isoc2b 1.646 0411 -2.003 5.08E-03
FEomes 2.133 0.532 -2.003 2.36E-10
Cpa4 7.112 1.729 -2.040 8.28E-09
Irxl 3.251 0.694 -2.227 1.43E-09
Gdf5 12.863 2.666 -2.271 0.00E+00
Gstm6 2.672 0.483 -2.468 3.38E-05
BC006965 1.768 0.250 -2.819 4.23E-06
G530011006Rik 6.231 0.771 -3.015 0.00E+00
Erdrl 42.128 5.028 -3.067 0.00E+00
Gml3154 1.889 0.200 -3.242 5.68E-03
Klki1b22 2.902 0.148 -4.295 3.32E-03
Erdrl 14.787 0.677 -4.449 0.00E+00
Rpri3 2301.320 9.878 -7.864 0.00E+00
BC107364 1540.270 3.433 -8.809 0.00E+00

Table B1. Differentially expressed genes in Prmt5cKOs. Results from RNA-seq analysis
from control and Prmt5cKO E11.5 forelimb buds. Genes listed have an
average FPKM > 1, a log2 fold change > 1, and a q-value < 0.01.
Abbreviation: FPKM, Fragments Per Kilobase of Exon Per Million
Fragments Mapped.
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Table B2

GO Term Gene Names p-value

Slgn.a I transduction by p33 class Bbc3, Tnfrsf10b, Bax, Pmaipl, Phlda3, Aen 1.00E-04
mediator genes

Midl, 1d4, Tfap2c, Prmt5, Aplpl, Osr2, Nbll, Gsc,

Phlda3, Bmp4, 4632434111Rik, Bax, Uty, Bbc3,
Negative regulation of cellular Cengl, Fgf8, Vill, Eomes, Rarb, Cd36, Zmat3, Pdelc, 2 00E-04
processes Ddit4l, Sesn2, Foxcl, Klki14, Gas2, Glis3, Ndrg2, ‘

Sulfl, Pak7, Erdrl, Greml, Cdknla, Cgrefl, Myolf,

Gdf5, Pmaipl, Rhbdf2, Ptprv, Nkx3-2
Embryonic hl.n dlimb Fgf8, Lmbrl, Rarb, Osr2, Bmp4 2.00E-04
morphogenesis
Chondrocyte differentiation Gdf5, Sulfl, Rarb, Nkx3-2, Osr2, Bmp4 4.00E-04

Fgf8, Gsc, Clgb, Chrdll, Rarb, Miat, Bmp4, Bax,
Sensory organ development Nkx3-2, Osr2, Foxel, Kera, Col8a2 7.00E-04
Telencephalon development Fgf8, 1d4, Tfap2c, Bax, Rarb, Eomes, Bmp4 1.40E-03
Extracellular matrix Csgalnactl, Aplpl, Postn, Egfl6, Sulfl, Greml, Foxcl — 1.40E-03
organization sgalnactl, Aplpl, Postn, , Sulfl, Greml1, Foxc .
Intrinsic apoptotic signaling Cdknla, Bbe3, Pmaipl, Piprv, Phida3, Greml, den  1.40E-03
pathway
Bone morphogenesis Csgalnactl, Rarb, Osr2, Col9al, Bmp4 1.40E-03
Kidney development Fgf8, Bax, Sulfl, Greml, Osr2, Foxcl, Bmp4 2.40E-03
BMP signaling pathway Fgf8, Zcchel2, Sulfl, Greml, Nbll, Bmp4 2.40E-03
Embryonic skeletal system Gse, Fuz, Sulfl, Nkx3-2, Osr2, Bmp4 2.40E-03

development

Table B2. GO terms of differentially expressed genes. GO analysis of the 208

differentially expressed genes. GO terms are listed with the gene names for
each category and the associated p-value.
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Glossary

BMP- Bone morphogenetic protein

SHH- Sonic hedgehog

FGF- Fibroblast growth factor

PRMTS5- Protein arginine methyltransferase

GREMI1- Gremlinl

FPKM- Fragments Per Kilobase of transcript per Million mapped reads
Prx-RG- Prx1Cre"";Rosa‘remlin*

HoxB6CreER-RG- HoxB6CreER "5 Rosadremin*

HoxB6CreER-RG- HoxB6CreER ;R osaCrem!in/Gremlin

Prmt5¢cKO- Prx1Cre” ;Prmt5¢°
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