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Abstract

Hypothyroidism is a well-described cause of hypomyelination. In addition, thyroid hormone (T3)
has recently been shown to enhance remyelination in various animal models of CNS
demyelination. What are the ways in which T3 promotes the development and regeneration of
healthy myelin? To begin to understand the mechanisms by which T3 drives myelination, we have
identified genes regulated specifically by T3 in purified oligodendrocyte precursor cells (OPCs).
Among the genes identified by genomic expression analyses were four transcription factors,
Kruppel-like factor 9 (KLF9), basic helix-loop-helix family member e22 (BHLHe22), Hairless
(Hr), and Albumin D box-binding protein (DBP), all of which were induced in OPCs by both brief
and long term exposure to T3. To begin to investigate the role of these genes in myelination, we
focused on the most rapidly and robustly induced of these, KLF9, and found it is both necessary
and sufficient to promote oligodendrocyte differentiation in vitro. Surprisingly, we found that loss
of KLF9 in vivo negligibly affects the formation of CNS myelin during development, but does
significantly delay remyelination in cuprizone-induced demyelinated lesions. These experiments
indicate that KLF9 is likely a novel integral component of the T3-driven signaling cascade that
promotes the regeneration of lost myelin. Future analyses of the roles of KLF9 and other identified
T3-induced genes in myelination may lead to novel insights into how to enhance the regeneration
of myelin in demyelinating diseases such as multiple sclerosis.
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Introduction

Myelination has evolved in vertebrates to insulate axons and thereby promote rapid, energy
efficient action potential propagation. Loss of myelin sheaths produces a wide variety of
neurological symptoms, as observed in multiple sclerosis and other demyelinating diseases.
In the central nervous system (CNS), myelin sheaths are produced by oligodendrocytes
(OLs). The location and timing of CNS myelination is controlled largely by regulating the
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onset of OL differentiation, as the expression of markers of OL maturity is rapidly followed
by the initiation of myelination in proximal axon tracts (Baumann and Pham-Dinh, 2001).
Therefore, better understanding of the mechanisms that regulate OL differentiation should
provide novel insight into how myelin formation is regulated in vivo, both during
development and also during remyelination of demyelinated lesions produced by disease or
injury.

Interestingly, OL differentiation can be stimulated by distinct pathways. Mitogen signaling
by trophic factors such as platelet derived growth factor (PDGF) and fibroblast growth
factor (FGF) maintains OL precursor cells (OPCs) in a proliferative, undifferentiated state,
and mitogen withdrawal leads to rapid OL differentiation (Barres et al., 1993; Baumann and
Pham-Dinh, 2001). Alternatively, thyroid hormone (T3) can override mitogen signaling to
promote OL differentiation even in the presence of saturating amounts of mitogens (Barres
et al., 1994; Temple and Raff, 1986). These different environmental cues apparently induce
OL differentiation through distinct molecular pathways, as evidenced by differential
regulation of several cell cycle control genes in response to T3 versus mitogen withdrawal
(Tokumoto et al., 2001). The importance of T3 in myelin development is illustrated by the
reduced CNS myelination observed in hypothyroid rodents (Leung et al., 1992; Malone et
al., 1975; Walters and Morell, 1981) and human patients (Gupta et al., 1995; Jagannathan et
al., 1998; Mussa et al., 2001). Hypothyroidism also results in the reduced expression of
several myelin genes in vivo (Barradas et al., 2001; Ibarrola and Rodriguez-Pena, 1997;
Noguchi and Sugisaki, 1984; Pombo et al., 1998; Rodriguez-Pena et al., 1993). Conversely,
increasing T3 levels in vivo accelerates both myelin gene expression and myelination during
development (Figueiredo et al., 1993; Marta et al., 1998; Pombo et al., 1998; Walters and
Morell, 1981), and also myelin regeneration after demyelination (Calza et al., 2005;
Fernandez et al., 2004; Franco et al., 2008; Harsan et al., 2008).

To better understand how T3 promotes myelination, we wanted to identify candidate
downstream genes that could transduce the promyelinating effects of T3. Utilizing
genomics, we identified a select set of genes that are immediately induced by T3 in OPCs.
To begin to characterize these genes, we focused on the most robustly induced of these,
KLF9. Our finding that KLF9 is induced by T3 in OPCs is consistent with previous reports
looking at KLF9 regulation in the CNS (Denver et al., 1999; Furlow and Kanamori, 2002;
Hoopfer et al., 2002; Martel et al., 2002). KLF9 has previously been found to regulate
development in a number of different tissues, including the uterus, intestine, adipocytes, and
myocytes (Mitchell and DiMario, 2010; Pei et al., 2011; Simmen et al., 2004, 2007; Velarde
et al., 2005). Consistent with a pro-differentiation role, KLF9 levels are reduced in
endometrial tumors, and KLF9 expression can induce glioblastoma tumor cell differentiation
(Simmen et al., 2010; Ying et al., 2011). We found that KLF9 is both sufficient to induce
OL differentiation and required for normal T3-induced OL differentiation in vitro.
Interestingly, loss of KLF9 in vivo negligibly impacts the initial development of myelin, but
does significantly disrupt CNS remyelination in cuprizone-induced demyelinated lesions.
Cumulatively, these data support the hypothesis that KLF9 is a novel integral component of
the T3-driven signaling cascade that regulates the timing of OL differentiation and
myelination regeneration. These experiments indicate that KLF9, and therefore potentially
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T3, may play a more crucial role in promoting remyelination after injury or disease than in
the initial development of myelin, and support the concept of targeting the T3-signaling
pathway to promote remyelination.

Discussion

Identification of KLF9 as a downstream effector of T3 in OL differentiation

OL differentiation is an obligate step in the generation of CNS myelin. Therefore, a deeper
understanding of the mechanisms that regulate OL differentiation should yield insights into
how myelin formation is regulated both during development and in myelin regeneration. T3
has been identified as a prominent inducer of OL differentiation and myelination both in
vitro and in vivo (Barres et al., 1994; Figueiredo et al., 1993; Marta et al., 1998; Temple and
Raff, 1986; Walters and Morell, 1981), yet the downstream molecular components via
which T3 promotes OL differentiation remain poorly characterized. Therefore, to identify
genes involved in transducing the effects of T3 in OL differentiation, we utilized genomics
to produce a concise list of genes that are rapidly induced by T3 in immature OPCs. It is
important to note that these analyses were carried out in the presence of saturating amounts
of OPC mitogens, which allowed us to focus specifically on genes induced in T3 (a.k.a.
“clock™) mediated differentiation, as opposed to genes induced by reduced mitogen
signaling that stimulates immediate OL differentiation. By focusing on genes that were
rapidly and robustly induced specifically by T3 exposure, we were able to identify a concise
list of seven genes that may play a role in mediating T3-induced OL differentiation.

To begin to functionally validate whether any of these identified genes could impact OL
differentiation, we focused on the most rapidly and robustly induced gene identified, the
transcription factor gene KLF9. We found that this gene was more highly induced by T3
than by reduced mitogen signaling, and also demonstrated that KLF9 is both necessary for
normal T3-induced differentiation, and sufficient to initiate the initial stages of OL
differentiation in immature OPCs. The fact that KLF9 is robustly induced by T3 in OPCs is
consistent with previous findings that the KLF9 promoter contains functional T3 responsive
elements (Denver and Williamson, 2009), and in fact, although previously unreported, an
examination of data presented in Denver et al. (1999) shows that T3-induced KLF9
expression has been documented in cultured OLs to an extent similar to that reported here.
In addition, KLF9 has been implicated in promoting the normal development of various
other cell types, often in response to hormonal signaling, including intestinal crypt cells,
uterine endometrial cells, adipocytes, myocytes, and neurons (Bonett et al., 2009; Denver et
al., 1999; Mitchell and DiMario, 2010; Pei et al., 2011; Simmen et al., 2004, 2007; Velarde
et al., 2005; Zeng et al., 2008). KLF9 has even been implicated as a potential effector of
changes occurring during Xenopus metamorphosis (Hoopfer et al., 2002). These data, along
with the widespread detected expression of KLF9 in various somatic tissues (Morita et al.,
2003), indicate that KLF9 function is likely not specific to promoting OL differentiation, but
instead is involved in transducing widespread effects of hormonal signaling throughout the
body, including T3 promotion of CNS remyelination. We were surprised to find that KLF9
overexpression could specifically induce genes normally expressed early in OL
differentiation (CNP and MBP), but not a gene normally expressed in the final stages of OL
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differentiation (MOG). These data are consistent with our previous findings that the early
and late stages of OL differentiation can be independently regulated (Dugas et al., 2006).
Interestingly, although KLF9 is not sufficient to induce MOG expression, SiRNA
knockdown of KLF9 expression indicates that KLF9, or a gene induced by KLF9, is
required for T3-regulated MOG expression. The fact that reducing KLF9 levels impacts the
expression of every marker gene tested in OPCs exposed to T3 indicates that, whereas KLF9
may not be sufficient to induce all aspects of OL differentiation on its own, KLF9 does in
fact play a crucial role in mediating the ability of T3 to promote OL differentiation. It is also
worth noting that we observed BHLHBS5 and Hr overexpression could also induce the
expression of CNP and MBP, but not MOG, yet knockdown of these genes via SiRNA did
not produce any significant reduction in myelin gene expression (data not shown). While it
is possible that the lack of phenotype may have resulted from insufficient reduction in
BLHLB5 or Hr expression, at minimum these findings illustrate that T3 likely acts through
the induction of several regulatory genes, of which KLF9 is an important, but not sole,
downstream effector.

KLF9 loss does not affect initial myelin formation

In our initial functional experiments, we found that KLF9 expression was required for
normal levels of T3-induced OL differentiation in vitro. Yet when we examined
developmental myelination in KLF9™~ mice, we detected no delay in the formation of CNS
myelin, nor in the initial differentiation of OLs, despite data indicating that KLF9 is
normally expressed by mature OLs in vivo (Figs. 1G—I; Cahoy et al. (2008)). How can we
reconcile these disparate findings? The role of T3 in promoting CNS myelin formation has
been extensively demonstrated: increasing T3 levels early in development accelerates OL
differentiation and myelination, and conversely, hypothyroid rodents and humans have
reduced levels of myelination and myelin gene expression (Barradas et al., 2001; Figueiredo
et al., 1993; Gupta et al., 1995; Ibarrola and Rodriguez-Pena, 1997; Jagannathan et al., 1998;
Leung et al., 1992; Malone et al., 1975; Marta et al., 1998; Mussa et al., 2001; Noguchi and
Sugisaki, 1984; Pombo et al., 1998; Rodriguez-Pena et al., 1993; Walters and Morell, 1981).
Yet the effects of T3 loss on CNS myelination are not nearly as severe as mutations that
directly and completely impair OL differentiation, such as ablation of SOX10, OLIG1/2, or
MRF (Emery et al., 2009; Stolt et al., 2002; Zhou and Anderson, 2002). In addition, the
observed disruptions in OL differentiation and myelination are regionally heterogeneous
(Ibarrola and Rodriguez-Pena, 1997). These data indicate that factors in addition to T3
contribute to the stimulation of myelin formation in vivo. Indeed, reduced mitogen signaling
is another potent stimulator of OL differentiation, and manipulating mitogen levels in vivo
can alter the timing of OL differentiation (Barres et al., 1992; Calver et al., 1998; Fruttiger et
al., 1999). These previous studies may indicate that large numbers of proliferating OPCs
produced during CNS development may exhaust limited supplies of local mitogens, and that
this reduction in mitogen signaling may be the predominant inducer of initial OL
differentiation. This would explain why loss of T3 leads to at worst a slight delay in the
production of mature OLs and CNS myelination. By extension, in the absence of the T3-
induced gene KLF9 during development, limiting levels of mitogen signaling would still be
the predominant driver of OL differentiation and myelination, leading to the negligible
developmental phenotype observed. In addition, KLF9 loss may not perfectly recapitulate
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hypothyroidism in vivo, because KLF9 is only one of several genes rapidly induced by T3 in
OPCs, and one of many more genes induced over a longer time scale by T3 exposure. These
other genes may contribute to promoting OL differentiation and, if so, they could help to
compensate for KLF9 loss.

It is also worth noting that although myelination levels appear to be normal in KLF9~/~
mice, this is based only on gross assessment of the extent of myelin sheath formation and
myelin protein expression. Other labs have detected more subtle yet persistent and
widespread deficits in myelin sheath structure and protein distribution in the absence of T3
signaling (Barradas et al., 2001; Ferreira et al., 2004, 2007). It remains to be seen whether
KLF9 is required for more subtle aspects of myelin formation, such as the maturation and
maintenance of fully functional compact myelin sheaths.

Importance of KLF9 and T3 in myelin regeneration

In contrast to the negligible role of KLF9 in promoting developmental myelination, loss of
KLF9 appeared to significantly impair the ability of the mature CNS to regenerate lost
myelin in both the cortex and corpus callosum. Previous data also indicate a potentially
prominent role for T3 in promoting remyelination, as increasing T3 levels in vivo after
cuprizone administration or experimental autoimmune encephalomyelitis induction
accelerates myelin regeneration (Calza et al., 2005; Franco et al., 2008; Harsan et al., 2008).
In addition, the identification of mutants that have a more prominent role in remyelination
than initial myelin development is not unprecedented, as mutations in the Oligl locus have
been described that do not disrupt initial myelin development but do specifically impair
myelin regeneration in adult mice (Arnett et al., 2004). What might account for a larger
reliance on KLF9, and therefore potentially T3, in the regeneration of lost myelin in adult
rodents?

Proximal to lesions where mature myelin is lost, the small numbers of residual,
undifferentiated adult OPCs nearby begin to proliferate, enabling the production of newly
generated OLs that subsequently remyelinate denuded axons (McTigue and Tripathi, 2008;
Redwine and Armstrong, 1998; Reynolds et al., 2002). In some cases, newly generated
OPC:s that arise from the subventricular zone also contribute to the production of
replacement OLs (Nait-Oumesmar et al., 2008). Although the exact nature of the signals that
stimulate OPC generation and proliferation following demyelination are not fully
characterized, reactive astrocytes that arise in the area of the lesion likely contribute by
locally secreting large amounts of mitogens, including PDGF and FGF-2 (Albrecht et al.,
2003; Hinks and Franklin, 1999; Moore et al., 2011; Redwine and Armstrong, 1998). These
mitogens then stimulate proliferation of the limited numbers of nearby adult OPCs, and also
stimulate migration of OPCs into the demyelinated lesion (McTigue and Tripathi, 2008). As
adult OPCs proliferate more slowly than OPCs in the postnatal animal, the environment in
the lesion may therefore be one of relatively low OPC numbers and high mitogen levels. In
such an environment, OL differentiation may be triggered primarily not by reduced mitogen
signaling, but by T3 activation of clock-mediated differentiation through induction of genes
such as KLF9. Also, as T3 only activates OL differentiation in sufficiently “mature” OPCs,
reliance on clock-mediated, T3/KLF9-induced differentiation could allow for sufficient
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initial expansion of the newly generated OPC pool, followed by timely differentiation to
allow remyelination of demyelinated lesions.

The data from this and previous studies are consistent with a model in which T3 plays a
prominent role in promoting remyelination after injury or disease. By utilizing genomics, we
have identified at least one functional downstream effector of T3, KLF9, which contributes
to this remyelination. As KLF9 is only one of several genes identified in our initial genomic
analyses, it will be of great interest to more thoroughly investigate the roles of the additional
T3-induced genes in OL differentiation and myelination in future studies.

Experimental methods

Complete protocols available upon request from jcdugas@alum.mit.edu.

OPC purification and culturing

All purification and culturing of OPCs from P7-8 Sprague-Dawley rat or C57/BI6 mouse
brains (Charles Rivers) were carried out as described previously (Dugas et al., 2006, 2010).
Mouse OPCs were utilized for genomic analyses; rat OPCs were utilized for all other in
vitro experiments. Throughout the text, “+PDGF” refers to addition of the OPC mitogens
platelet derived growth factor AA (10 ng/ml) + 1 ng/ml neurotrophin 3 (1 ng/ml) to the
media (both Peprotech, Rocky Hill, NJ), and “+T3” refers to addition of 40 ng/ml
triiodothyronine (Sigma-Aldrich, St. Louis, MO) to the media. OPCs plated in —-PDGF+T3
media were plated at a density of 30,000 cells/coverslip in 24-well plates (for
immunostaining) or 1.5x 10° cells into 10 cm tissue culture plates (for RNA collection).
OPCs plated in +PDGF £T3 media were plated at 1500 cells/coverslip in 24-well plates or
300,000-400,000 cells into 10 cm tissue culture plates.

Gene chip hybridization and analysis

Total RNA was isolated from cultured mouse OPCs and amplified prior to chip
hybridization as described previously (Dugas et al., 2006). Four independent biological
samples were collected for each condition (Fig. 1A). Final amplified and labeled samples
were hybridized to Affymetrix Mouse 430 2.0 arrays (Santa Clara, CA) at the Stanford
Protein and Nucleic Acid Biotechnology (PAN) Facility according to standard Affymetrix
protocols. Output CEL files obtained via MAS 5.0 (Affymetrix) were analyzed using
DNAStar ArrayStar (Madison, WI) to obtain expression values and comparisons between
control (-PDGF -T3) and experimental (+T3) conditions.

RT-PCR and qRT-PCR

RNA from cultured rat OPCs was collected using Qiagen RNeasy kit (VValencia, CA) and
400 ng/sample was reverse transcribed using Super-Scriptlll (Invitrogen, Carlsbad, CA),
both according to manufacturers’ instructions. For standard RT-PCR reactions, equivalent
volumes of each sample were then amplified using Platinum Taq (Invitrogen): 94°C 307,
55°C 30”7, 68°C 45” cycles, number of cycles indicated in figure legends. Real time gRT-
PCR reactions were carried out and analyzed by the ddCt method using an ABI StepOne
Plus (Carlsbad, CA) instrument and associated software at the Stanford PAN facility.
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Actin:
Forward-GCATTGTCACCAACTGGGACG
Reverse—~ACCGCTCATTGCCGATAGTG

KLF9:
Forward-TCCGGAACTTTCAAACCTTG
Reverse-GTGTGCCAAACAGAATGTCG

GAPDH: (for internal normalization of gRT-PCR reactions)
Forward-TCCGGAACTTTCAAACCTTG
Reverse-GTGTGCCAAACAGAATGTCG

OPC transfection protocol

Cultured OPCs were transfected using the Lonza oligodendrocyte transfection kit (Basel,
Switzerland) as described previously (Dugas et al., 2006). To identify transfected cells,
OPCs were always co-transfected with 1.5-2.5 ug pC1-eGFP (CMV-promoter driven eGFP
expression; Clontech 6084-1, Mountain View, CA). To drive expression of KLF9, OPCs
were transfected with 2.5 pg pSport6-KLF9 (full length human KLF9 from OpenBiosystems
(Huntsville, AL) clone MHS1768-9143875, excised with Sacl (then blunted) and Kpnl, then
cloned into the pPSPORT6 expression vector, Open Biosystems MMM1013-63856, behind
the CMV promoter after excising the existing insert with Apal (then blunted) and Kpnl).
Individual and pooled siRNA was obtained from Dharmacon (Lafayette, CO): siControl
non-targeting siRNA pool (targets firefly luciferase; D-001206-13), siKLF9 siGenome
SMARTpool (rat; M-091801-00), and individual siKLF9 siGenome #1 — #4 (rat;
D-091801-01-01, —02 —-03, —04); all used at 0.2-0.4 nmol/transfection.

Tissue collection and cuprizone treatment

KLF9kacZ/lacZ or age-matched littermate control KLF9*/* or KLF9+/La°Z mice, originally
obtained from Dr. Rosalia Simmen (University of Arkansas, Little Rock, AR), were
genotyped as described previously (Morita et al., 2003). For cuprizone treatment, starting at
8 weeks of age mice were supplied exclusively with food containing 0.2% cuprizone
(cuprizone obtained from Sigma-Aldrich, and milled into chow by Harlan, Indianapolis, IN)
for 6 weeks, with fresh food replaced every 2—-3 days to maintain potency of cuprizone. To
allow recovery from cuprizone treatment, food was replaced with standard chow for an
additional 1-2 weeks. At ages/time points described, perfusion-fixed tissue was collected as
described previously (Dugas et al., 2010). All fixed brains were cut along the midline and
mounted for sagittal sectioning, and 10 um thick sections were collected. Similar depth
sections, as determined by number of sections from the midline and anatomical markers,
were used in all quantitative analyses, with 2 different depths of tissue approximately 200—
300 um apart analyzed/animal. For optic nerves, fixed tissue was mounted for longitudinal
sectioning/staining.
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Immunostaining and histology

Immunostaining of OPC and OL cultures for NG2, CNP, MBP, MOG, and GFP expression
was performed as described previously (Dugas et al., 2006, 2010). Immunostaining with the
CC1 antibody to detect mature OLs was performed with 1/50 mouse-anti-APC (CC-1)
antibody (Calbiochem/EMD Chemicals OP-80, Gibbstown, NJ).

Staining of tissue sections with anti-MBP antibodies or Fluoromyelin stain was performed
as described previously (Dugas et al., 2010). The same CC1 antibody described above was
used at 1/50 for tissue section staining, staining for LacZ expression was carried out with
1/5000 rabbit-anti-beta-galactosidase antibody (MP Biochemicals 55976, Solon, OH).

Quantification of staining

For cell culture staining quantification, all coverslips were scored blind, with >150 GFP*
cells (in transfection experiments) or >500 cells (in cortex vs. cerebellar OPC experiments)
with healthy nuclei being classified as positive or negative for marker protein (NG2, CC1,
CNP, MBP, or MOG) expression per coverslip. Three or four individual, independently
cultured coverslips were generated from each transfection. For quantification of CNS
myelination, either cerebellar arms and corpora callosa were outlined, or 700x700 um boxes
were placed above the caudal, mid, and rostral corpus callosum to select standardized
cortical areas, and the percentage area myelinated within selected regions was determined
either as the number of pixels +10 arbitrary units (0-255 scale in 8-bit images) brighter than
background (for MBP staining) or the number of pixels +50 arbitrary units brighter than
background (for Fluoromyelin staining to detect dense myelin)/the total number of pixels.
For each animal, two sagittal sections at different depths (~200-300 um apart) were
analyzed; the two depths analyzed were the same across all littermates.

Western blotting

Tissue was acutely collected from P12—P13 or P18 KLF9~/~ or littermate control mice brain
regions noted, then flash frozen in liquid nitrogen. Protein samples were collectedby
grinding and sonicating samples in RIPA buffer+Complete Protease Inhibitor (Roche) at
4°C. Western blots were then performed as described previously (Dugas et al., 2010), with
the addition of 1/1000 sheep-anti-Transferrin (Trf) (Novus NB100-1947). Blots were
quantified with FluorChemQ software, and normalized to in-lane actin levels as loading
control.

In situ hybridization

In situ hybridizations were performed as described previously (Dugas et al., 2010) with both
the previously described PLP gene probe, and also a probe for Trf: 1593 (EcoRl site) to
2293 (3’ end) of the mouse Trf insert in pSport6 obtained from OpenBiosystems/
ThermoScientific (clone 3594705). Brains acutely collected from P12 or P17 KLF9™~ or
control littermate mice were mounted for sagittal sectioning then flash frozen in OCT
embedding medium prior to being sectioned for in situs.
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Results

Genomic analysis of genes induced by T3 in OPCs

Several experiments have demonstrated that T3 is both able to promote OL differentiation in
vitro and required for normal myelin development in vivo (Barres et al., 1994; Jagannathan
etal., 1998; Leung et al., 1992; Malone et al., 1975; Mussa et al., 2001; Noguchi and
Sugisaki, 1984; Temple and Raff, 1986; Walters and Morell, 1981). T3 generally acts by
binding to thyroid hormone receptors, after which the T3-hormone receptor complexes
translocate to the nucleus and activate gene transcription (Harvey and Williams, 2002;
Oetting and Yen, 2007). Therefore, to investigate how T3 promotes OL differentiation and
myelination, we began by asking which genes are induced by T3 in immature OPCs.

To address this question, we utilized previously established protocols to highly purify and
culture immature OPCs from postnatal day 7 (P7) mouse brains, thereby allowing us to
precisely control both the T3 and mitogen levels to which the immature OPCs are exposed.
Mitogen withdrawal alone triggers rapid and robust differentiation of OPCs (Barres et al.,
1993, 1994); therefore, to specifically isolate the effects of T3 on OPCs, all cultures were
maintained in saturating amounts of mitogens. We then compared gene expression between
OPCs cultured in the presence or absence of T3 at both 1 and 6 days in vitro (DIV) (Fig.
1A). To increase the likelihood of identifying genes that are directly induced by T3, we also
analyzed gene expression in OPCs cultured in T3-free media for 1 or 6 DIV, then exposed to
T3 for just 3 h prior to sample collection. In this way, we were able to identify genes
induced in OPCs at 1 DIV by either 3 h or 24 h of T3 exposure, and also at 6 DIV by 3 h or
6 full days of T3 exposure. Surprisingly, we found very few genes that were induced = 2-
fold specifically by T3, especially with brief T3 exposure (Figs. 1B-E). In fact, by focusing
on genes induced by both rapid (3—-24 h) and long-term (6 day) T3 exposure, we identified
only seven genes that are induced both rapidly and persistently by T3 (Table 1). Of these,
four genes are transcription factors that could potentially serve as global transducers of the
downstream effects of T3 on OL differentiation: kruppel-like factor 9 (KLF9), hairless (Hr),
D site albumin promoter binding protein (DBP), and basic helix-loop-helix family, member
e22 (BHLHe22). To determine whether any of these genes could functionally promote OL
differentiation, we chose to focus on KLF9, the most consistently and robustly induced
candidate gene identified.

KLF9 expression in OLs in vitro and in vivo

Previous reports have identified a T3 response element (TRE) in the 5’ flanking region of
the KLF9 gene, and have also demonstrated that T3 can drive KLF9 expression (Denver and
Williamson, 2009; Denver et al., 1999; Hoopfer et al., 2002). To confirm that T3 induces
KLF9 expression in OPCs, we exposed purified rat OPCs to T3 for either 3 h or 3 days. We
also wanted to determine whether mitogen withdrawal could similarly induce the expression
of KLF9, as mitogen withdrawal is a potent stimulator of rapid OL differentiation in OPCs
isolated from neonatal rodents. Interestingly, we found that in the briefest exposure
condition (3 h), only T3 was able to induce KLF9 expression, whereas mitogen withdrawal
had no effect on KLF9 expression levels (Fig. 1F). In fact, T3 similarly induced KLF9
expression regardless of the presence (+PDGF+T3) or absence (-PDGF+T3) of mitogens in
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the culture medium. T3 induction of KLF9 expression was robustly maintained at 3 DIV.
We did find that mitogen withdrawal alone was able to somewhat induce KLF9 expression
by 3 DIV (-PDGF-T3), but this induction was weaker that that produced solely by T3
exposure (+PDGF+T3), and we also observed that T3 was able to further boost KLF9
expression in mitogen-free media (-PDGF-T3 vs. —~PDGF+T3 media at 3 DIV). These data
were confirmed by gRT-PCR, which revealed a 4-fold increase in KLF9 expression within
purified OPCs in response to T3 after 3 DIV (n=8; p < 0.00001). Cumulatively, these data
indicate that KLF9 expression is rapidly induced by T3 in OPCs, and that, relative to
mitogen withdrawal, T3 is the predominant inducer of KLF9 expression in immature OPCs.

The rapid and relatively specific induction of KLF9 in vitro by T3 potentially implicates
KLF9 as a downstream effector of T3-induced OL differentiation. But if KLF9 plays a role
in promoting OL differentiation within the CNS, it should also be expressed by OLs in vivo.
To investigate this, we utilized mutant mice in which the KLF9 gene has been disrupted by
insertion of a LacZ gene (Morita et al., 2003). By immunostaining for LacZ expression in
heterozygous KLF9+/-2¢Z mice, we were able to reveal the endogenous pattern of KLF9
expression. By co-staining with CC1 antibody, which stains mature OLs, we were able to
identify OLs expressing KLF9 in the P10 optic nerve, cerebellum, corpus callosum, and
cortex (Figs. 1G-I).

KLF9 promotes the initiation of OL differentiation in vitro

Having ascertained that KLF9 is both induced by T3 in OPCs in vitro and expressed by OLs
in vivo, we next wanted to investigate whether KLF9 plays a functional role in promoting
OL differentiation. Initially, we overexpressed KLF9 in immature OPCs to determine
whether KLF9 could promote OL differentiation. Cultured OPCs were co-transfected with a
plasmid that constitutively expresses full-length KLF9 (pSp-KLF9) and pC1-eGFP to allow
identification of transfected cells, and control cells were transfected with pC1-eGFP alone.
Transfected OPCs were then cultured in saturating mitogens in the absence of T3 for 4-6
DIV, and subsequently immunostained to analyze the expression of various markers of OL
differentiation. We found that overexpression of KLF9 in OPCs more than doubled the
number of cells expressing two different markers of earlier-stage OL differentiation, 2/,3’-
cyclic nucleotide 3’ phosphodiesterase (CNP) and myelin basic protein (MBP), after 46
DIV (Figs. 2A-E), and this increase was statistically similar to the increase induced by T3
exposure (Fig. 2E). Interestingly, whereas KLF9 was able to induce early myelin gene
expression, it was not similarly able to induce the expression of myelin oligodendrocyte
glycoprotein (MOG), a marker of late-stage OL differentiation (Baumann and Pham-Dinh,
2001; Dugas et al., 2006), despite the fact that MOG is induced by T3 exposure (Fig. 2E). It
is perhaps not surprising that a single transcription factor, KLF9, is not able to completely
recapitulate the complex effects of T3 on OL differentiation. Nonetheless, these data
indicate that KLF9, on its own, is able to initiate the process of OL differentiation at least as
robustly as T3 when expressed in immature OPCs.

KLF9 is required for normal OL differentiation in vitro

To further determine whether KLF9 is necessary for T3-induced OL differentiation, we next
utilized siRNA to knock down KLF9 expression in cultured OPCs. OPCs were transfected
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with pC1-eGFP to mark transfected cells, and co-transfected with either negative control
non-targeting siRNAs (siControl), or a pool of siRNAs targeting KLF9 expression (siKLF9).
Transfected cells were then cultured in mitogen-rich media plus T3 for 7 DIV, and
subsequently immunostained for markers of OL differentiation (Figs. 3A-H). We found that
knock down of KLF9 produced a ~50% reduction in the expression of every OL gene
examined, from a marker of initial OL differentiation, CC1 (an antibody against
adenomatosis polyposis coli), to the late stage marker MOG (Figs. 3C-I). In addition, we
found that knock down of KLF9 not only repressed mature OL gene expression, but also
significantly increased the number of transfected cells that expressed chondroitin sulfate
proteoglycan 4 (CSPG4, stained by NG2 antibody), a marker of undifferentiated OPCs
(Figs. 3A-B, I). Cumulatively, these data indicate that blocking the induction of KLF9
significantly impairs the ability of T3 to induce OL differentiation.

To confirm that the pool of siRNAs targeting KLF9 was not repressing OL differentiation by
inappropriate knock down of off-target genes, we transfected OPCs with the individual
SiRNAs designed to repress KLF9 expression. We found that two of the individual
components of the siKLF9 pool, siKLF9 #1 and #3, were both able to repress KLF9
expression, and both significantly repressed the ability of T3 to induce OL differentiation
(Fig. 4). As siKLF9 #1 and #3 target distinct, non-overlapping regions of KLF9, it is
unlikely that they would have any commonly repressed targets other than KLF9. These data
therefore suggest that the reduced OL differentiation phenotypes we observe result directly
from repression of KLF9 expression by siKLF9.

Finally, although we found that KLF9 was most prominently induced by T3 exposure, we
did note that mitogen withdrawal was also able to induce KLF9 expression, albeit weakly
(Fig. 1F). We were therefore interested in determining whether repression of KLF9
expression could also impair OL differentiation induced by mitogen withdrawal. OPCs were
transfected as described above, with either siControl or siKLF9, and cultured in mitogen-
free media (-PDGF-T3) for 3 DIV. We observed that siKLF9 significantly repressed CNP
and MBP expression induced by mitogen withdrawal, although the extent of repression was
weaker than seen during T3-induced differentiation: CNP/MBP were 54%/43% repressed by
SiKLF9 in +PDGF+T3 media, and only 42%/21% repressed by siKLF9 in -PDGF-T3
media (Fig. 4J). We also found that siKLF9 failed to repress expression of the late-stage
marker MOG in mitogen-free media. Altogether, these data indicate that KLF9 is a pro-
differentiation factor in OLs, and that KLF plays a more prominent role in promoting T3-
induced differentiation than mitogen-withdrawal induced differentiation, consistent with the
relatively stronger upregulation of KLF9 expression by T3.

KLF9 is not required for normal myelin development in vivo

Having found that the T3-induced gene KLF9 is both necessary to transduce the pro-
differentiation effects of T3 in OPCs and sufficient to initiate the normal program of OL
differentiation in vitro, we next wanted to determine whether KLF9 is also required for the
normal development of myelin in vivo. To address this question, we utilized previously
generated KLF9 knockout mice, in which a LacZ insertion disrupts the KLF9 coding region
(Morita et al., 2003). KLF9~/~ mice are viable and fertile, with no overt morphological
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defects, but subtle behavioral, uterine, intestinal, and hippocampal defects have been
reported in these mice (Morita et al., 2003; Scobie et al., 2009; Simmen et al., 2004, 2007;
Velarde et al., 2005). However, the state of myelination in these animals had not previously
been assessed. To determine whether loss of KLF9 impairs normal myelin development, we
compared the levels of myelination in various CNS structures in KLF9™~ and wild type
littermate controls at P10-12, P17- 18, and P30-35. Surprisingly, we were unable to detect
a significant delay in the production of myelin in mutant mice (Fig. 5). By staining for the
expression of MBP, which is concentrated in mature myelin in vivo, we observed that
myelination appeared to proceed normally in the densely myelinated corpus callosum and
cerebellum. Similar results were obtained when myelination levels were quantified by
analyzing Fluoromyelin staining, which detects fully compacted myelin sheaths (data not
shown). To further confirm this result, we analyzed mature myelin protein expression by
western blot, and although some myelin genes demonstrated a slightly reduced expression in
the KLF9~/~ CNS, no significant differences in the expression of CNP, MBP, Transferrin
(Trf), or MOG in either the cerebellum or cortices of mutant vs. control littermate animals
were detected at either P12 or P18 (Figs. 6A-C). Similarly, quantification of differentiated
OL cell bodies, identified by in situ hybridization for Proteolipid protein (PLP) or Trf
expression, also failed to detect a significant reduction in mature OL generation in KLF9™/~
mice at P12 or P17 (Figs. 6D—F). Cumulatively, these data indicate that KLF9 does not
appear to play a prominent role in the generation of mature OLs or myelin during normal
development.

KLF9 is required for normal myelin regeneration in vivo

A key component to the etiology of demyelinating diseases such as MS is a failure of the
CNS’s normally robust ability to regenerate lost myelin. As several labs have recently
observed that artificially increasing T3 levels can enhance myelin regeneration in
demyelinating disease models in rodents (Calza et al., 2005; Franco et al., 2008; Harsan et
al., 2008), we wanted to as certain whether T3-induced KLF9 expression was required for
normal levels of remyelination after myelin loss. To examine this, we utilized the widely
used cuprizone model of demyelination, wherein supplying a low level of cuprizone in the
diet for 6 weeks produces a loss of myelin in the corpus callosum and overlying cortex
(Franco et al., 2008; Matsushima and Morell, 2001; Skripuletz et al., 2008). Subsequent to
this, withdrawal of cuprizone from the diet allows regeneration of lost myelin to commence
over a period of several weeks. To assess the role of KLF9 in promoting remyelination, we
compared the ability of KLF9™~ and wt littermate mice to recover from cuprizone-induced
demyelination. We found that a 6 week course of cuprizone feeding produced a similar level
of demyelination in the cortex (Figs. 7A-C, H) and corpus callosum (Figs. 8A-C, H) in
KLF9~~ and wt mice. To assess the extent of remyelination in the cortex, we quantified the
area immunostained for MBP expression. These analyses revealed a significant delay in
cortical remyelination at both 1 and 2 weeks following removal of cuprizone from the diet
(Figs. 7D-H). To assess remyelination capacity in the densely myelinated corpus callosum,
we quantified the area that was robustly stained by the compact myelin stain Fluoromyelin.
Consistent with the observation in the cortex, loss of KLF9™~ produced a robust delay in the
regeneration of myelin in the corpus callosum (Figs. 8D-H). These data indicate that KLF9,
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and by extension T3, may play a more prominent role in promoting the regeneration of lost
myelin than in inducing the developmental production of myelin.
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T3 thyroid hormone

KLF9 Kruppel-like factor 9

BHLHe22 basic helix-loop-helix family member e22

Hr hairless

DBP albumin D box-binding protein

oL oligodendrocyte

OPC oligodendrocyte precursor cell

PDGF platelet derived growth factor

FGF fibroblast growth factor

P# postnatal day (#) (referring to age of mouse or rat pups)

NG2 nerve/glial antigen 2/chondroitin sulfate proteoglycan 4

CNP 2/ ,3’-cyclic nucleotide 3’ phosphodiesterase

MBP myelin basic protein

MOG myelin oligodendrocyte glycoprotein

GFP green fluorescent protein

CC1 adenomatosis polyposis coli antibody

Trf transferring

PLP proteolipid protein

DIV days in vitro

SOX10 SRY-box containing gene 10

OLIG1/2 oligodendrocyte transcription factor %2

MRF myelin gene regulatory factor
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Fig. 1.

Tr?e T3-induced gene KLF9 is expressed by OLs in vitro and in vivo. A. Analysis of gene
expression in cultured OPCs. (1) Acutely purified P7 OPCs were cultured in + PDGF-T3
media (control condition) for either 1 or 6 DIV. (2) OPCs were cultured in + PDGF + T3
media for either 1 or 6 DIV to observe the effects of long-term exposure to T3 on gene
expression. (3) OPCswereculturedin + PDGF-T3 media forl or 6 DIV, and T3 was added 3
hours prior tosample collection toanalyze genes rapidly regulated by T3. B-E. Graphs
showing gene expression data in OPCs cultured in + PDGF-T3 media (horizontal axes) vs.
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OPCs cultured in + PDGF-T3 21 h, then + PDGF + T3 3 h (B), + PDGF + T3 24 h (C),
+PDGF-T3 6 days (141 h), then +PDGF+T3 3 h (D), or +PDGF+T3 6 days (144 h) (E), all
on vertical axes. All data plotted on a log, scale. Green diagonal lines indicate 2x relative
change in — T3 vs. + T3 samples. All probe sets listed in Table 1 are highlighted by white
boxes in all graphs. F. RT-PCR (32 cycles) to determine KLF9 expression levels in OPCs
cultured in media +/-PDGF and +/-T3 for either 3 days, or first for 6 days in +PDGF-T3
media, then 3 h in the indicated media. RT-PCR (24 cycles) to detect actin levels to confirm
equivalent starting material also shown. G-I. Heterozygous P10 KLF9*/-a¢Z mouse tissue
immunostained for CC1 (OLs) and LacZ (indicating KLF9-expressing cells) expression in
the optic nerve (G), central region of the cerebellum (H) and medial corpus callosum plus
overlying cortex (I). Scale bar=50 pm.
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Fig. 2.
KLF9 promotes early myelin gene expression. A-D. OPCs transfected with pC1-eGFP alone

(A, C) or plus pSp-KLF9 (B, D) were incubated 4-6 DIV in +PDGF-T3 media, then stained
for GFP (A1-D1) (white) and CNP (A2-B2) or MBP (C2-D2) (red). Nuclei stained with
DAPI (A2-D2) (blue). Yellow arrows denote transfected GFP* cells expressing CNP or
MBP, green arrows denote transfected GFP™ cells not expressing CNP or MBP; scale
bar=100 pum. E. Percentages of transfected, GFP* cells expressing CNP, MBP, or MOG;
GFP and KLF9=data from transfected cells cultured in +PDGF-T3 media, T3 =GFP-only
transfected cells cultured in +PDGF + T3 media. All graphs meantS.E.M., n= 12 samples/
condition. ** p< 0.01, ns p> 0.05 post-hoc Holm-Sidak test all pairwise comparisons (below
bar comparisons to GFP+PDGF-T3 control, above bar KLF9+PDGF-T3 compared to GFP
+PDGF+ T3).
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Fig. 3.
KLF9 is required for T3-induced OL differentiation. A-H. OPCs transfected with pC1-eGFP

plus siControl (A, C, E, G) or plus siKLF9 pool (B, D, F, H) were incubated7 DIVin
+PDGF+T3 media, then stained for GFP (A1-H1) (white) and NG2 (A2-B2), CC1 (C2-
D2), MBP (E2-F2), or MOG (G2-H2) (red). Nuclei stained with DAPI (A2-H2) (blue).
Note that NG2* cells are identified by staining of processes, as the antibody stains the
perinuclear regions of both immature OPCs and mature OLs. Yellow arrows denote
transfected GFP™* cells co-expressing indicated markers, green arrows denote transfected
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GFP* cells not co-expressing indicated markers; scale bar=100 um. 1-J. Percentages of
transfected, GFP* cells expressing indicated markers after 7 DIV in +PDGF+T3 media (1) or
3-4 DIV in -PDGF-T3 media (J). All graphs mean+S.E.M., n=6-14 samples/condition. **
p < 0.001 paired T-test siKLF9 vs. control.
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M Cont Pool m#1 #3

CNP MBP MOG

Individual siRNAs repress KLF9 expression and OL differentiation. A. RT-PCR (30 cycles)
to determine KLF9 expression levels in OPCs transfected with siControl, pooled siKLF9
#1-4, only siKLF9 #1, or only siKLF9 #3 cultured in +PDGF+T3 media 3 DIV. RT-PCR
(27 cycles) to detect actin levels to confirm equivalent starting material also shown. B.
Percentages of transfected cells expressing indicated markers after 7 DIV in +PDGF+T3
media. All graphs mean+S.E.M., n=3 samples/condition. * p < 0.01, # p < 0.05 Holm-Sidak

post-hoc test vs. control.
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P35

CB cc Cx

KLF9™~ mice do not show delayed cortical myelination. A-F. Similar depth sagittal brain
sections from P12 (A, D), P18 (B, E), and P35 (C, F) KLF9~/~ (D-F) and wt littermate
controls (A—C), showing the caudal corpus callosum and overlying cortex, stained for MBP
expression; scale bar=250 um. G-I. Quantification of percentage area myelinated (by MBP
staining) in P10-12 (G), P17-18 (H) and P30-35 (1) KLF9/~ and matched littermate control
cerebellar arms (CB), corpus callosum (CC), cortex (Cx), and optic nerve (ON). All graphs
meanxS.E.M., n=4-5 mice/condition. No significant differences detected by T-tests in any

of the comparisons between wt and KLF9™/~ groups.
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Fig. 6.

KI?FQ"‘ mice do not show delayed OL differentiation in vivo. A. Western blots showing
cortical expression of CNP, MBP, MOG, Trf, and Actin in 3 x P18 KLF9~/~ or wt littermate
control mice. B-C. Quantification of indicated protein expression from the cortex (B) or
cerebellum (C) of P12 and P18 KLF9~/~ or wt littermate control mice. Expression levels
expressed as ratios to loading control actin expression in the same lane for each sample, then
normalized to average wt expression levels in the indicated age and tissue. All graphs mean
+S.E.M.; n=3-5 samples/condition; n.d. = not detected. No significant differences detected
by T-tests followed by Sidak correction for multiple comaparisons in any of the comparisons
between wt and KLF9~/~ groups. E-F. In situs to detect Trf expression (red) reveal mature
OL cell bodies in the caudal corpus callosum (outlined in grey) and overlying cortex in P17
KLF9~/~ or wt littermate control sagittal brain sections. Nuclei stained by DAPI (blue); scale
bar=250 um. F. Quantification of mature OLs/mm? by PLP expression (P12) or Trf
expression (P17) in the cortex (Cx) or corpus callosum (CC) of KLF9~/~ or wt littermate
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control mice. All graphs mean+S.E.M.; n=4-5 mice/condition. No significant differences
detected by T-tests in any of the comparisons between wt and KLF9~/~ groups. Similarly, no
significant differences were observed in the P12 corpus callosum with PLP in situ probe or
the P12 corpus callosum with the Trf in situ probe, data not shown.
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Fig. 7.

KI?F9"‘ mice show delayed myelin regeneration in the cortex. A-G. Cortex immediately
dorsal to the mid corpus callosum/fornix in sagittal brain sections from wt (A, B, D, F) and
KLF9™~ (C, E, G) 3 month old untreated mice (A), 6 week cuprizone treated (B-C), and 6
week cuprizone +1 week (D-E) or +2 week (F-G) recovery. All stained with MBP; scale
bar=100 um. H. Quantification of percentage area of the cortex myelinated (by MBP
staining) in untreated (Norm), 6-week cuprizone treated (NR=no recovery), and 1 or 2 week
post-cuprizone recovery in wt and KLF9™~ mice. All graphs mean+S.E.M., n=4-5 mice/
condition. ** p<0.0005, * p<0.02 T-test KLF9~/~ vs. control.
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Fig. 8.
KLF9~/~ mice show delayed myelin regeneration in the corpus callosum. A-G. Mid corpus

callosum (outlined) in sagittal brain sections from wt (A, B, D, F) and KLF9~~ (C, E, G) 3
month old untreated mice (A), 6 week cuprizone treated (B—C), and 6 week cuprizone +1
week (D-E) or +2 week (F-G) recovery. All stained with Fluoromyelin; scale bar=100 um.
A’-G’. Thresholded images showing pixels >50 units brighter than non-specific tissue
background in images A—-G (see Experimental methods section). H. Quantification of
percentage area of the corpus callosum highly myelinated (by strong Fluoromyelin staining
>50 units brighter than background) in untreated (Norm), 6-week cuprizone treated (NR=no
recovery), and 1 or 2 week post-cuprizone recovery in wt and KLF9™~ mice. All graphs
meanS.E.M., n=4-9 mice/condition. ** p<0.005, * p<0.02 T-test KLF9~/~ vs. control.
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