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Rett syndrome (RTT) is a genetic disorder resulting from a loss-of-
function mutation in one copy of the X-linked gene methyl-CpG-
binding protein 2 (MECP2). Typical RTT patients are females and, due
to random X chromosome inactivation (XCl), ~50% of cells express
mutant MECP2 and the other ~50% express wild-type MECP2. Cells
expressing mutant MECP2 retain a wild-type copy of MECP2 on the
inactive X chromosome (Xi), the reactivation of which represents a
potential therapeutic approach for RTT. Previous studies have dem-
onstrated reactivation of Xi-linked MECP2 in cultured cells by biolog-
ical or pharmacological inhibition of factors that promote XCl (called
"XCl factors” or “XCIFs"). Whether XCIF inhibitors in living animals
can reactivate Xi-linked MECP2 in cerebral cortical neurons, the cell
type most therapeutically relevant to RTT, remains to be deter-
mined. Here, we show that pharmacological inhibitors targeting
XCIFs in the PI3K/AKT and bone morphogenetic protein signaling
pathways reactivate Xi-linked MECP2 in cultured mouse fibroblasts
and human induced pluripotent stem cell-derived postmitotic RTT
neurons. Notably, reactivation of Xi-linked MECP2 corrects charac-
teristic defects of human RTT neurons including reduced soma size
and branch points. Most importantly, we show that intracerebro-
ventricular injection of the XCIF inhibitors reactivates Xi-linked
Mecp2 in cerebral cortical neurons of adult living mice. In support
of these pharmacological results, we also demonstrate genetic reac-
tivation of Xi-linked Mecp2 in cerebral cortical neurons of living mice
bearing a homozygous XCIF deletion. Collectively, our results further
establish the feasibility of pharmacological reactivation of Xi-linked
MECP2 as a therapeutic approach for RTT.
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Rett syndrome (RTT) is a rare neurodevelopmental disease
characterized by a constellation of features including epi-
lepsy, autistic-like behaviors, and delayed development (1). Most
RTT patients are females who carry a heterozygous loss-of-
function mutation in an X-linked gene, MECP2, encoding methyl
CpG-binding protein 2 (2). MECP2 is essential for proper neuronal
morphology and synaptic function in the brain (3). Currently,
there are no curative therapies for RTT, and the only treatments
available are palliative.

Because MECP2 is X-linked, its allele-specific expression pat-
tern is determined by X chromosome inactivation (XCI), a
mammalian dosage compensation mechanism in which one X
chromosome is randomly epigenetically silenced and is referred
to as the “inactive” X chromosome (Xi) (4). As a result of XCI,
~50% of cells in RTT females carry a wild-type but silenced copy
of MECP2 on the Xi chromosome, which, if reactivated, can
compensate for MECP2 deficiency. This approach has potential
therapeutic relevance, as conditional expression of wild-type
Mecp2 in a mouse model of RTT is sufficient to rescue multiple
disease features (5-7). In addition, the results of experiments in
genetically engineered mouse models have shown that wild-type
Mecp?2 is dominant in cells also expressing an Mecp2 mutant (8).
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Although Xi-linked MECP2 reactivation has implications for
the treatment of RTT, the approach has been hampered by a lack
of complete understanding of the molecular mechanisms of XCI
and the key regulators involved. Recently, however, several large-
scale screens have identified factors involved in XCI and have
yielded important mechanistic insights (9-11). For example, using
a large-scale RNAi-based screening strategy, we previously iden-
tified 13 XCI factors (XCIFs) that include two druggable proteins
involved in cell signaling: 3-phosphoinositide-dependent protein
kinase 1 (PDPK1), a component of the PI3K/protein kinase B
(AKT) signaling pathway, and activin A receptor type 1 (ACVRI1),
a component of the bone morphogenetic protein (BMP) signaling
pathway (11). Inhibition of XCIFs, including PDPK1 and ACVR],
reactivates Xi-linked genes in cultured cells, indicating the thera-
peutic potential of these targets for treating X-linked diseases such
as RTT. To date, however, pharmacological reactivation of Xi-
linked genes such as MECP2 has been demonstrated only in cul-
tured cells, primarily in dividing cells such as mouse and human
fibroblasts and differentiated embryonic stem cells (9-12).
Whether reactivation of Xi-linked MECP2 can occur in living
animals in postmitotic brain neurons, the cell type most thera-
peutically relevant to RTT, remains to be determined.

Here, we show that small-molecule inhibitors of ACVR1 and
downstream effectors of PDPKI1 can reactivate Xi-linked
MECP?2 in nondividing cultured RTT neurons and in cerebral
cortical neurons of adult mice. These proof-of-concept results
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help establish the feasibility of pharmacological reactivation of
Xi-linked MECP?2 as a therapeutic approach for RTT.

Results

Pharmacological Inhibitors of ACVR1 Reactivate Xi-Linked Mecp2. We
previously showed that shRNA-mediated knockdown of ACVR1
reactivates Xi-linked genes, including MECP2 (11), and therefore
sought to determine whether small-molecule inhibitors of ACVR1
could reproduce these effects. We treated female mouse fibroblast
BMSL2 cells with an ACVR1 inhibitor (dorsomorphin, LDN193189
or K02288) or, as a control, with DMSO and analyzed the ex-
pression of Mecp2 by RNA FISH. Cells treated with DMSO had,
as expected, a single nuclear signal for Mecp2, indicative of
monoallelic expression (Fig. 14). Treatment with an ACVR1 in-
hibitor substantially increased the percentage of cells containing
two nuclear Mecp?2 signals, indicating biallelic expression. We also
tested the ACVRI1 inhibitors in a second, unrelated female mouse
fibroblast cell line, H4SV, which harbors a transgenic copy of Gfp
on the Xi chromosome (Xi-7gGfp) (13). ACVRI inhibitor treat-
ment substantially increased the percentage of GFP™ H4SV cells,
indicating Xi-TgGfp reactivation (SI Appendix, Fig. S14). We
confirmed that each ACVR1 inhibitor efficiently inhibited BMP
signaling (SI Appendix, Fig. S1B) and did not adversely affect cell
survival (SI Appendix, Fig. S1C).

We and others have previously shown that XCIF inhibition leads
to decreased levels of Xist (10, 11), a long noncoding RNA that
coats the Xi chromosome in cis and mediates XCI (14). Consistent
with these results, qRT-PCR analysis revealed that treatment of
H4SV cells with either LDN193189 (Fig. 1B) or dorsomorphin (S
Appendix, Fig. S1D) resulted in a time-dependent decrease in Xist
transcript levels. Interestingly, the decrease in Xist levels at 04 d
following treatment with the ACVRI1 inhibitor was followed by a
large increase in Xi-TgGfp expression at 4-6 d, suggesting that the
loss of Xist precedes Xi-linked gene reactivation. Removal of the
ACVRI1 inhibitor restored Xist expression to normal levels and
was accompanied by silencing of Xi-7gGfp (Fig. 1B and SI Ap-
pendix, Fig. S1D), indicating that the ACVRI1 inhibitors reversibly
modulate Xi chromosome transcription.

Pharmacological Inhibitors of the PDPK1 Effectors mTOR and SGK1
Reactivate Xi-Linked Mecp2. We have previously demonstrated
that small-molecule inhibitors of PDPK1, another XCIF identi-
fied in our original screen, reactivate the Xi-linked Mecp2 gene
(11). PDPKI1 has multiple effector substrates, including mecha-
nistic target of rapamycin kinase (mTOR), serum/glucocorticoid-
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regulated kinase 1 (SGK1), AKT, p70 ribosomal protein S6 ki-
nase, PKC, and PKN (15). Inhibiting the downstream effectors
of PDPK1 may result in more targeted reactivation of the Xi
chromosome with less toxicity.

Of the PDPKI1 effector substrates, we elected to focus on
pharmacological inhibitors of mTOR and SGK1 because their
therapeutic potential has been well demonstrated (16-19). Phar-
macological inhibition of mTOR using the small-molecule in-
hibitor rapamycin, everolimus, or KU-0063794 substantially
increased biallelic expression of Mecp2 in BMSL2 cells (Fig. 1C)
and reactivated Xi-TgGfp in H4SV cells (SI Appendix, Fig. S1E).
Similarly, inhibition of SGK1 with either a small-molecule in-
hibitor (GSK650394) or an shRNA substantially increased biallelic
expression of Mecp2 in BMSL2 cells (Fig. 1D and SI Appendix,
Fig. S1F) and reactivated Xi-TgGfp in H4SV cells (SI Appendix,
Fig. S1E). As expected, the mTOR and SGK1 inhibitors inhibited
their respective signaling pathways (SI Appendix, Fig. S1 G and H)
and did not affect cell survival (SI Appendix, Fig. S1I).

Similar to the results with the ACVRI1 inhibitors, there was a
time-dependent decrease in Xist levels following treatment of
HA4SV cells with rapamycin or GSK650394, (Fig. 1 E and F).
Consistent with the results shown in Fig. 1B, the reduction in Xist
at 04 d following rapamycin or GSK650394 treatment was fol-
lowed by a large increase in Xi-TgGfp expression at 4-6 d. Re-
moval of rapamycin or GSK650394 restored normal levels of Xist
and resulted in Xi-7gGfp silencing (Fig. 1 E and F), indicating
that the reactivation of Xi-linked genes was reversible.

Pharmacological Inhibitors of ACVR1 or PDPK1 Effectors Decrease Xist
Expression by Preventing Recruitment of Transcription Activators to
the Xist Promoter. Pharmacological inhibitors of ACVRI1 or
PDPK1 effectors may decrease Xist levels by affecting either Xist
RNA stability or Xist transcription. Treatment of H4SV cells with
an ACVRI1 inhibitor did not affect the half-life of Xist (SI Ap-
pendix, Fig. S2 A and B), suggesting that the decreased levels of
Xist following ACVRI1 inhibition were predominantly transcrip-
tional. Previous studies have shown that, upon ligand engagement,
ACVRI activates receptor tyrosine kinase activity, leading to
phosphorylation of receptor-regulated SMAD, which acts as a
transcription factor in the nucleus (20). We identified putative
SMAD-binding motifs in the Xist promoter and assessed the re-
cruitment of phosphorylated SMAD to the Xist promoter by ChIP
analysis in H4SV cells, which harbor a Xist deletion on the active
X chromosome (Xa), enabling us to analyze binding of factors
specifically to the Xi-linked Xist promoter. We found that
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I Fig. 1. Pharmacological inhibitors of the ACVR1 or
PDPK1 effectors mTOR and SGK1 reactivate Xi-linked
Mecp2. (A) RNA FISH monitoring of the expression of
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Fig. 2. Pharmacological inhibitors of ACVR1 or PDPK1 effectors decrease
Xist expression by preventing the recruitment of transcription activators to
the Xist promoter. (A and B) ChIP analysis monitoring the binding of phos-
phorylated SMAD (phSMAD) (A) and H3K4me3 (B) on the Xist promoter and
a negative control region in chromosome 14 (Chr14) in H4SV cells treated
with DMSO or LDN193189. (C and D) ChIP analysis monitoring the binding of
YY1 (C) and H3K4me3 (D) on the Xist promoter and Chr14 region in H4SV
cells treated with DMSO, rapamycin, or GSK650394. Error bars indicate SD.

phosphorylated SMAD was bound to the Xi-linked Xist pro-
moter and was substantially decreased following treatment with
LDN193189 (Fig. 24) or dorsomorphin (SI Appendix, Fig. S2C).
Furthermore, enrichment of the activating histone modification H3
lysine 4 trimethylation (H3K4me3), which is associated with the Xi-
linked Xist promoter (21), was reduced following treatment with
LDN193189 (Fig. 2B) or dorsomorphin (SI Appendix, Fig. S2D).

Similar to the results with ACVRI1 inhibitors, an inhibitor of
mTOR (rapamycin) or SGK1 (GSK650394) did not affect the
half-life of Xist (SI Appendix, Fig. S2E). Previous studies have
shown that Xist transcription is stimulated by recruitment of the
transcription factor Ying-yang 1 (YY1), and ten Y Y1-binding sites
have been identified in the Xist promoter (22). Consistent with
these studies, we found that YY1 was bound to the Xi-linked Xist
promoter and was significantly reduced by treatment with mTOR
or SGK1 inhibitors (Fig. 2C). As expected, H3K4me3 enrichment
on the Xist promoter was also significantly decreased following
treatment with an mTOR or SGKI1 inhibitor (Fig. 2D). Con-
versely, treatment with inhibitors of a PDPKI1 effector and
ACVRI1 resulted in an enhancement of H3K4me3 and reduction
of the repressive histone marks H2A ubiquitination (H2A-ub) and
H3 lysine 27 trimethylation (H3K27me3) on an Xi-linked gene (S/
Appendix, Fig. S2F). Notably, an ACVR1 inhibitor did not affect
YY1 binding on the Xist promoter, and PDPKI1 effector inhibitors
did not affect SMAD binding (SI Appendix, Fig. S2G). Collec-
tively, our results show that inhibition of ACVRI1, mTOR, or
SGKI1 decreases the recruitment of a transcriptional activator to
the Xi-linked Xist promoter, thereby decreasing Xist transcription
and resulting in the reactivation of Xi-linked genes.

Synergistic Xi Chromosome Reactivation by Combined Inhibition of
ACVR1 and a PDPK1 Effector. The results described above sug-
gested the possibility of cooperativity between the PI3K/AKT
and BMP signaling pathways in regulating Xi-linked Xist tran-
scription. To interrogate synergy between the two pathways, we
treated female mouse fibroblast cell lines with an inhibitor of
ACVR1 (LDN193189) or a PDPKI1 effector (rapamycin or
GSK650394), either alone or in combination. BMSL2 cells con-
tain an Xi-linked hypoxanthine-guanine phosphoribosyltransferase
gene (Hprr), allowing reactivation of the Xi chromosome to be
assayed by the survival of cells in hypoxanthine-aminopterin-
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thymidine (HAT) selection medium (13). Treatment of cells
with LDN193189, rapamycin, or GSK650394 alone resulted in a
modest increase in the number of colonies surviving in HAT se-
lection medium (Fig. 3 A and B). By contrast, combined drug
treatments—either LDN193189 and rapamycin or LDN193189
and GSK650394—synergistically increased the number of colonies
surviving in HAT selection medium. Similarly, combined drug
treatments synergistically increased the percentage of H4SV cells
scoring as GFP" (Fig. 3C and SI Appendix, Fig. S34). Importantly,
the combined drug treatment did not adversely affect cellular
proliferation (SI Appendix, Fig. S3B).

Pharmacological Reactivation of Xi-Linked MECP2 in RTT Neurons
Rescues Characteristic Morphological Defects. We next sought to
investigate the efficacy of pharmacological XCIF inhibitors in
reactivating Xi-linked wild-type MECP2 in human postmitotic
neurons, the cell type most relevant to RTT. To obtain RTT
neurons, we used a previously described clonal induced pluripotent
stem cell (iPSC) line, T158M-iPSC, which was derived from
GM17880, an RTT fibroblast cell line that harbors a hetero-
zygous T158M missense mutation in MECP2 (23). The T158M-
iPSC clone carries mutant MECP2 on the Xa chromosome and
wild-type MECP2 on the Xi chromosome (23). As a positive
isogenic control, we used a non-RTT iPSC clone, which was also
derived from GM17880 but carries wild-type MECP2 on the Xa.
Neuronal differentiation was initiated to produce neuronal
precursor cells, which were then differentiated into neurons (23,
24). RTT neurons were treated with either DMSO or the two
drugs (LDN193189 and GSK650394) for 3 wk, and MECP2
mRNA was monitored using Tagman probes specific for either
wild-type or mutant MECP2. Drug treatment of RTT neurons
resulted in increased expression of Xi-linked wild-type MECP2
compared with that obtained with DMSO (Fig. 44). Notably, the
amount of Xi-linked MECP2 expressed in drug-treated RTT
neurons was ~10% of that observed in control neurons that ex-
press wild-type MECP2 from the Xa chromosome.

RTT patients have defective neuronal organization and den-
dritic complexity, including reduced glutamatergic synapse
number, soma size, and number of dendritic spines (23). We
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Fig. 3. Synergistic Xi chromosome reactivation by combined inhibition of
ACVR1 and a PDPK1 effector. (A) Bright-field images showing the growth of
BMSL2 cells treated with DMSO, GSK650394, LDN193189, or rapamycin ei-
ther alone or in combination and followed by selection in HAT medium. (B)
The colonies were quantified after crystal violet staining. Error bars indicate
SD; *P < 0.05. (C) Quantification of GFP* H4SV cells treated with DMSO,
GSK650394, LDN193189, or rapamycin either alone or in combination. A Bliss
synergy score >0 indicates the synergistic effect of the drug combination.
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therefore asked whether pharmacological reactivation of Xi-
linked wild-type MECP2 could correct the morphological de-
fects of RTT neurons. Drug treatment of MAP2* RTT neurons
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resulted in an increase in soma size (Fig. 4B and SI Appendix,
Fig. S44) and branch points (Fig. 4C and SI Appendix, Fig. S44)
compared with that obtained with DMSO. By contrast, drug

66.07

Merge Fig. 5. Pharmacological reactivation of X-linked
Mecp2 in cerebral cortical neurons of living mice.
(A) Schematic of the breeding strategy for generat-
ing XistA:Mecp2/Xist:Mecp2-Gfp mice. (B) Quantita-
tive immunofluorescence monitoring GFP intensity
in female XistA:Mecp2/Xist:Mecp2-Gfp MEFs follow-
ing treatment with DMSO or the drugs LDN193189
and GSK650394. MEFs isolated from Mecp2/Y or
Mecp2/Mecp2-Gfp mice were used as negative and
positive controls, respectively. Each dot represents a
MEF, and a dashed line indicates the maximum
background signal obtained in Mecp2/Y, which was
set to 1. (C, Upper) Schematic of the drug regimen.
(Lower) Schematic of a mouse brain showing the site
of injection for vehicle or drug in the left or right
hemisphere of the brain. (D) Representative immu-
nofluorescence images of the coronal brain sections
from female XistA:Mecp2/Xist:Mecp2-Gfp mice in-
jected with vehicle or drug. The site of injection is
represented by the white box. DAPI staining is
shown in blue. (E) Representative immunofluores-
cence images showing endogenous GFP signal
(green) in coronal brain sections from vehicle- or
drug-treated hemispheres (n = 4). DAPI staining is
shown in blue. (F) Quantitation of GFP* nuclei in
four hemispheres. (G) Representative immunofluo-
rescence images of the coronal brain sections moni-
toring the expression of GFP (anti-GFP; red) and
MAP2 (green) in vehicle- and drug-treated hemi-
spheres (n = 4). DAPI staining is shown in blue. (H)
Quantitation of GFP™ nuclei in MAP2* and MAP2~
cells in vehicle- and drug-treated hemispheres (n =
4). Error bars indicate SD.
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treatment had no effect on control neurons (SI Appendix, Fig. S4
B and C). Thus, our results demonstrate that pharmacological
reactivation of Xi-linked MECP2 can correct characteristic
neuronal morphological defects of RTT neurons.

Pharmacological Reactivation of Xi-Linked Mecp2 in Cerebral Cortical
Neurons of Living Mice. We next sought to determine whether
pharmacological XCIF inhibitors could reactivate Xi-linked Mecp2
in the brain of an adult mouse. Toward this end, we used a XistA:
Mecp2/Xist:Mecp2-Gfp mouse model harboring an Xi-linked Mecp2-
Gfp reporter (Fig. 54 and SI Appendix, Fig. S54), which allows
accurate and robust quantitation of Xi-linked Mecp2 reactivation
because (i) 100% of cells carry Mecp2-Gfp on the Xi chromosome,
and thus the results are not confounded by variable mosaic ex-
pression of GFP in different animals, and (if) the genetic labeling of
endogenous Mecp2 permits direct visualization of individual neu-
rons with reactivated Gfp, thereby minimizing the experimental
manipulations required for analysis of Xi-linked Mecp2 reactivation.

To assess the feasibility of the XistA:Mecp2/Xist:Mecp2-Gfp
mouse model for monitoring Xi-linked Mecp2 reactivation, we
first treated mouse embryonic fibroblasts (MEFs) isolated from
female D15.5 XistA:Mecp2/Xist:Mecp2-Gfp embryos with either
DMSO or the two drugs LDN193189 and GSK650394. Drug
treatment, but not DMSO, reactivated expression of Xi-Mecp2-
Gfp (SI Appendix, Fig. S5SB). Immunoblot analysis confirmed the
inhibition of BMP and PI3K/AKT pathways in drug-treated
MEFs (SI Appendix, Fig. S5C).

To determine the extent of Xi-Mecp2-Gfp expression in indi-
vidual MEFs, we carried out quantitative immunofluorescence.
Negative-control MEFs isolated from male embryos (Mecp2/Y)
had no detectable GFP, whereas ~66% of positive-control
Mecp2-Gfp/Mecp2 MEFs had a nuclear GFP signal (Fig. 5B).
As expected, XistA:Mecp2/Xist:Mecp2-Gfp MEFs treated with
DMSO had a very low level of nuclear GFP (~3%). By contrast,
~31% of drug-treated XistA:Mecp2/Xist:Mecp2 MEFs were pos-
itive for nuclear GFP. Quantitative analysis of fluorescence sig-
nals revealed variable fluorescence intensity in GFP* MEFs,
which likely reflects heterogeneous expression levels in different
cells, consistent with a previous report (25).

Next, we tested whether the drug treatment could reactivate
Xi-linked Mecp2 in the brain of XistA:Mecp2/Xist:Mecp2-Gfp
female mice. We administered vehicle or the two drugs in op-
posite brain hemispheres of 4-wk-old XistA:Mecp2/Xist:Mecp2-
Gfp female mice by intracerebroventricular injection using ste-
reotactic surgical procedures (Fig. 5 C and D). Three weeks
later, a subset of animals was killed, and the expression of wild-
type Mecp2 and Xi-Mecp2-Gfp in the vehicle- and drug-infused
hemispheres was determined by RT-PCR, which revealed that
wild-type Mecp2 expression was detected in both the vehicle- and
drug-infused hemispheres but the Xi-Mecp2-Gfp transcript was
detected only in the drug-infused hemisphere (SI Appendix, Fig.
S5D). Immunofluorescence analysis of coronal brain sections
showed that after 3 wk there was reactivation of Xi-Mecp2-Gfp
in ~30% of cells in the drug-infused hemisphere, whereas Xi-
Mecp2-Gfp was not detected in the vehicle-infused hemisphere
(Fig. 5 E and F and SI Appendix, Fig. SSE). Consistent with
previous results (11, 26), total levels of Mecp2 were not increased
following drug treatment (Discussion and SI Appendix, Fig. SS5F).

Finally, we assessed the extent of Xi-Mecp2-Gfp reactivation
specifically in cerebral cortical neurons. Double immunostaining
of coronal brain sections from drug-infused hemispheres showed
that a large number of MAP2* neurons were also GFP™, in-
dicative of Xi-Mecp2-Gfp expression (Fig. 5G). Specifically, in the
drug-infused hemisphere ~45% of MAP2" and ~20% of MAP2~
brain cells expressed GFP, confirming Xi-Mecp2-Gfp reactivation
in cerebral cortical neurons as well as in nonneuronal cells (Fig.
5H). Immunoblot analysis confirmed the inhibition of BMP and
PI3K/AKT pathways in the brain (S Appendix, Fig. SSG) but, as
expected, not in the liver (S1 Appendix, Fig. SSH). There was no
significant change in the body weight of drug-treated mice over the
duration of the experiment (SI Appendix, Fig. S5I).
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Genetic Reactivation of Xi-Linked Mecp2 in Living Mice. To com-
plement the results of our pharmacological reactivation experi-
ments, we sought to determine whether Xi-linked Mecp2
reactivation could be achieved genetically. Stanniocalcin 1
(STC1), another XCIF identified in our previous RNAIi screen
(11), is a ubiquitous glycoprotein whose function is poorly un-
derstood (27). StcI™~ mice have no obvious phenotype (28), and
we have previously shown that loss of Stc/ results in biallelic
expression of X-linked genes, including Mecp2 (11).

We generated StcI™":Mecp2/Mecp2-Gfp, Stcl™~:Mecp2/Mecp2-
Gfp and Stcl™*:Mecp2/Mecp2-Gfp mice (SI Appendix, Fig. S64) in
which at least half of all cells were expected to carry Mecp2-Gfp on
the Xi chromosome. The genotype of the littermates was confirmed
by PCR (SI Appendix, Fig. S6B). We then asked if genetic loss of
Stcl reactivates the Mecp2-Gfp reporter on the Xi chromosome,
thereby increasing the number of GFP" brain cells in Stcl™
Mecp2/Mecp2-Gfp mice compared with StcI™*:Mecp2/Mecp2-Gfp
mice. Nuclei from the mouse brain cells were isolated and analyzed
by FACS for GFP (SI Appendix, Fig. S6C). As expected, GFP*
brain nuclei from Mecp2*'™ mice were undetectable, whereas 100%
of brain nuclei from Mecp2-Gfp/Mecp2-Gfp mice were GFP* (Fig.
6B). Nuclei isolated from mouse brains were sorted into neuronal
and nonneuronal populations based on the expression of the neu-
ronal nuclear marker NeuN. Consistent with our previous results
(11), genetic loss of Stcl led to a significant increase in the per-
centage of GFP* nuclei in both NeuN", and NeuN~ brain cells,
indicating Xi-linked Mecp?2 reactivation (Fig. 6 4 and B).

Next, to analyze these results in genetically and environmentally
comparable backgrounds, we compared the percentage of GFP*
nuclei in Stel™~:Mecp2/Mecp2-Gfp and StcI™*:Mecp2/Mecp2-Gfp
littermates. Strikingly, the increase in GFP™ brain cells was more
pronounced when the comparison was between littermates (Fig. 6
C and D), which may be due to a 65:35 skewing of XCI in the
brain cells of Mecp2/Mecp2-Gfp mice (SI Appendix, Fig. S6D) as
described for the human population (29). In summary, these re-
sults show that Xi-linked Mecp2 can be reactivated in a mouse
brain by genetic manipulation of an XCIF.
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Fig. 6. Genetic reactivation of Xi-linked Mecp2 in living mice. (A and B)
Boxplots of percent GFP* NeuN™ (A) and NeuN~ (B) nuclei isolated from the
brain cells of mice. Error bars indicate SD. (C and D) Violin plots showing the
percent change in GFP* NeuN™ (C) and NeuN~ (D) nuclei in the brains of
Stc1™~:Mecp2/Mecp2-Gfo mice compared with Stc1**:Mecp2/Mecp2-Gfp
littermates. Each dot represents the percent change in the GFP* population
within a litter (n = 12).
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Discussion

Pharmacological inhibition of XCIFs represents a strategy to
reactivate the Xi-linked MECP2 gene as a therapeutic approach
for RTT. In this study, we showed that pharmacological inhibi-
tors of XCIFs, in particular the ACVR1 and PDPKI1 effectors
mTOR and SGK1, reactivate the Xi-linked Mecp2 gene in mouse
fibroblasts, human RTT neurons, and, most importantly, cere-
bral cortical neurons of adult living mice. Our results provide an
important proof of concept for the feasibility of reactivating Xi-
linked MECP2 as a treatment for RTT. Notably, the mTOR
inhibitors in our study are currently used to prevent transplant
rejection and are being investigated as therapeutics for cancer
and neurodegenerative diseases (30-32).

A potential concern for a therapy based on Xi chromosome
reactivation is that the increase in X-linked gene expression may
be deleterious. However, several lines of evidence indicate the
existence of a compensatory mechanism that prevents increased
total X-linked gene expression in cells with defective XCI. For
example, transcriptome profiling studies have shown that the
XCI defect observed in StcI™~ mice is not accompanied by
changes in expression of the majority (98%) of X-linked genes
(11). Similarly, Xist deletion in mouse hematopoietic cells has
been shown to result in changes in only ~2-12% of X-linked
genes (11, 26). Furthermore, a recent study analyzing the ef-
fect of Xist deletion in mice revealed that the X:autosomal gene
balance was not significantly altered despite the increase in the
expression of X-linked genes (33). Collectively, these studies
indicate that reactivation of the Xi chromosome will not increase
the total expression levels of X-linked genes.

An attractive feature of an Xi-linked MECP2 reactivation
therapy is that it is based on correcting the root cause of the
disease, the lack of wild-type MECP2, rather than some sec-
ondary, downstream consequence of the MECP2 deficiency. In
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addition to RTT, there are several other diseases for which
reactivation of an Xi-linked gene represents a potential thera-
peutic approach. For example, CDKLS deficiency is a rare genetic
disorder caused by mutations in the X-linked CDKLS5 gene (34).
Similar to RTT, most patients with CDKLS5 deficiency are female
CDKLS5 heterozygotes, and reactivation of the Xi-linked CDKLS5
gene could have potential clinical benefit. Thus, the results de-
scribed in this study have therapeutic implications for CDKLS
deficiency and other dominant X-linked monogenic disorders.

Materials and Methods

Materials and methods used for cell culture, mice, drug treatment, mouse
cortex dissection, flow cytometry, RNAI, qRT-PCR, immunoblotting, immu-
nofluorescence, RNA-FISH assay, ChIP assays, neuronal morphological anal-
ysis, the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assay, and in vivo drug treatment are available in S/ Appendix. All quanti-
tative data were collected from experiments performed at least in triplicate
and are expressed as mean + SD. Work involving mice adhered to the
guidelines of the University of Virginia Institutional Animal Care and Use
Committee (IACUCQ), protocol number 4112.
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