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METHOD FOR TREATING SCHIZOPHRENIA

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. Provisional Application No. 62/186,890, filed on

June 30, 2015, the disclosure of which is herein incorporated by reference in its entirety.

SEQUENCE LISTING

The instant application contains a Sequence Listing which has been submitted

electronically in ASCII format and is hereby incorporated by reference in its entirety. Said
ASCII copy, created on June 24, 2016, is named 243734_000079_SL.txt and is 13,687 bytes in

size.

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH
The United States Government has certain rights to this invention by virtue of funding
reserved from Grant Nos. RO1 MH097742 and MHO095810, all awarded by the National
Institutes of Health.

FIELD OF THE INVENTION
The invention is directed to a method for treating the 22q11 deletion syndrome (22ql11

DS) and schizophrenia (SCZ) by replenishment of decreased levels of miR-338-3p in thalamic

neurons.

BACKGROUND OF THE INVENTION

Auditory hallucinations and other positive symptoms of schizophrenia (SCZ) such as

delusions, disorganized thought, and psychosis typically appear during late adolescence or early
adulthood'” and are alleviated in most patients by antipsychotics that inhibit D2 dopamine
receptors (DRD2s)*”. The mechanisms of such late onset of schizophrenia’s positive symptoms
and underlying neuronal circuits remain unknown. Thalamocortical (TC) projections to the
auditory cortex (ACx) emerged as a circuit specifically disrupted in mouse models of 22q11
deletion syndrome (22q11DS)6'7. This disorder is a leading genetic cause of schizophmniag']0
and instigated by the hemizygous deletion of multiple genes (1.5-3 Mb) of the q (long) arm of

chromosome 22 in humans'!. Deletion of one 22q11DS gene, the microRNA (miRNA)-
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processing gene Dgcr8, leads to high levels of Drd2 in the auditory thalamus, TC disruption,
abnormal sensitivity of TC projections to antipsychotics, and deficits in acoustic-startle
responses characteristic of schizophrenia®, through miRNA depletion'*".

Several studies have indicated that drug-naive schizophrenic patients have elevated levels
of DRD2s in their brains®>?*°, Drd2 upregulation leads to deficits in TC synaptic transmission
and acoustic startle and also renders TC projections sensitive to antipsychotics. Antipsychotics
that effectively treat only positive symptoms but not cognitive or negative symptoms of the
disease®’, eliminate synaptic deficits at TC projections and acoustic-startle deficiency in
22q11DS mice®. Antipsychotics alleviate positive symptoms of schizophrenia through systemic
inhibition of DRD2, which is accompanied by multiple and sometimes devastating side effects,
such as blood abnormalities, weight gain, abnormal movements (such as the movements as with

Parkinson’s disease) and many others>*.

The 22q11.2 deletion syndrome (22q11DS) is associated with high risk of developing
schizophrenia symptoms, including psychosis, later in life. Auditory thalamocortical projections
recently emerged as a circuit specifically disrupted in 22ql11DS mouse models.
Haploinsufficiency of the microRNA-processing gene Dgcr8 results in the elevation of the
dopamine receptor Drd2 in the auditory thalamus, an abnormal sensitivity of thalamocortical
projections to antipsychotics, and an abnormal acoustic-startle response. These auditory
abnormalities have a delayed onset in 22q11DS mouse models and are associated with age-
dependent reduction of the microRNA miR-338-3p, which targets Drd2 and is enriched in the
thalamus of humans and mice. Replenishing depleted miR-338-3p in the mature 22q11DS mice
rescued the thalamocortical abnormalities, and miR-338-3p deletion/knockdown mimicked
thalamocortical and behavioral deficits and eliminated their age dependence. Thus, miR-338-3p
depletion is necessary and sufficient to disrupt auditory thalamocortical signaling in 22q11DS
mouse models and may therefore mediate the pathogenic mechanism of 22ql1DS-related

psychosis and control its late onset.

The 22q11DS is considered a leading genetic cause of schizophrenia*®*®, Schizophrenia
develops in 23% to 43% of individuals with 22q1 1DS*"**, most of whom experience psychosis>
56 Furthermore, 30% to 50% of nonschizophrenic individuals with 22q11DS demonstrate

subthreshold symptoms of psychosis® . Nonpsychotic behavioral abnormalities are present from
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early adulthood in 22q11DS® ** but psychotic symptoms and schizophrenia are delayed until
adulthood®® ®. It remains unclear why the onset of psychotic symptoms is so delayed. In
schizophrenic patients, auditory hallucinations and other psychotic symptoms are similarly
delayed until late adolescence or early adulthood®" %, are present in 60% to 90% of cases®, and
are often alleviated by antipsychotics that inhibit D2 dopamine receptors (DRD2s)**%7, Given the
germline occurrence of deleted genes in 22q11DS, it is not clear why the onset of positive

symptoms is delayed.

Recently, Dgcr8 emerged as a culprit gene responsible for several neuronal phenotypes

S%7 including the disruption of synaptic transmission at

observed in mouse models of 22q11D
TC projections to the ACx>’. Dgcr8 is part of the microprocessor -complex that mediates the
biogenesis of microRNAs (miRNAs), small RNAs that negatively regulate the expression of
complementary mRNAs and protein translation’'. Dgcr8 haploinsufficiency in 22q11DS leads to
depletion of miRNAs and the resultant upregulation of respective targets, which in turn disrupts
synaptic transmission, synaptic plasticity, and proper functioning of neural circuits’. In adult
22q11DS mouse models, Dgcr8 haploinsufficiency is sufficient to upregulate Drd2 mRNA and
protein in the auditory thalamus, which causes auditory abnormalities that include decreased
glutamatergic synaptic transmission at TC projections to the ACx and deficient prepulse
inhibition (PPI) of the acoustic-startle response39. Abnormally high levels of Drd2 in the
thalamus of 22q11DS mice increase TC projection sensitivity to Drd2 antagonists, including

antipsychotics. As a consequence, auditory synaptic and behavioral abnormalities of 22q11DS

mice are rescued by antipsychotics® ’,

It was tested whether TC disruption follows the same age-dependent trajectory as
psychosis in patients with 22ql11DS or schizophrenia and determined the molecular
underpinnings of TC disruption in 22q! 1DS mice. Similar to psychotic symptoms, TC disruption
of synaptic transmission had a delayed onset. In a series of miRNA and physiological screens,
the thalamus-enriched Drd2-targeting miR-338-3p was identified as that which mediates the
Dgcr8-Drd2 mechanism of TC disruption. It is also shown that miR-338-3p is depleted in mouse
models of 22q11DS and schizophrenic patients and that replenishment of miR-338-3p in the

auditory thalamus rescued the TC deficits in 22ql1DS mouse models. Lastly, evidence is
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presented showing that miR-338-3p is a key controller of the late onset of TC disruption in
22q11DS mice.

SUMMARY OF THE INVENTION

There is a great need in the art to develop effective treatments for schizophrenia and the

22ql1 deletion syndrome, including treatment of positive symptoms of schizophrenia, such as,
e.g., hallucinations, delusions, disorganized thought, and psychosis. There is also a great need to
develop diagnostic methods for schizophrenia. The present invention addresses these and other
needs by providing methods based on microRNA miR-338-3p.

In one aspect, the invention provides a method for treatment and/or prevention of
schizophrenia in a subject in need thereof, the method comprising administering to the subject a
therapeutically effective amount of (i) miR-338-3p or a mimic or a functional derivative thereof
(including functional fragments of miR-338-3p and their derivatives), or (ii) a vector expressing
said miR-338-3p or mimic or functional derivative thereof, or (iii) an agent capable of increasing
the level or activity of miR-338-3p.

In a related aspect, the invention provides a method for treatment of 22ql1 deletion
syndrome in a subject in need thereof, the method comprising administering to the subject a
therapeutically effective amount of (i) miR-338-3p or a mimic or a functional derivative thereof
(including functional fragments of miR-338-3p and their derivatives), or (ii) a vector expressing
said miR-338-3p or mimic or functional derivative thereof, or (iif) an agent capable of increasing
the level or activity of miR-338-3p.

In another related aspect, the invention provides a method for treatment and/or prevention
of a positive symptom of schizophrenia (e.g., hallucinations, delusions, disorganized thought, or
psychosis) in a subject in need thereof, the method comprising administering to the subject a
therapeutically effective amount of (i) miR~338-3p or a mimic or a functional derivative thereof
(including functional fragments of miR-338-3p and their derivatives), or (ii) a vector expressing
said miR-338-3p or mimic or functional derivative thereof, or (iii) an agent capable of increasing
the level or activity of miR-338-3p.

In one embodiment of any of the above methods, the miR-338-3p or mimic or derivative
thereof comprises the sequence UCCAGCAUCAGUGAUUUUGUUG (SEQ ID NO: 1). In one
embodiment of any of the above methods, the miR-338-3p or mimic or derivative thereof

consists of the sequence UCCAGCAUCAGUGAUUUUGUUG (SEQ ID NO: 1).
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In one embodiment of any of the above methods, the vector is selected from the group
consisting of adeno-associated virus (AAV) vectors, lentivirus vectors and Sindbis virus vectors.

In one embodiment of any of the above methods, the expression of miR-338-3p or mimic
or functional derivative thereof in the vector is controlled by a promoter selected from the group
consisting of Synapsin promoter, CMV promoter, B-actin promoter, and CamKIIa promoter.

In one embodiment of any of the above methods, the administration is systemic. In
another embodiment of any of the above methods, the administration is intranasal.

In one embodiment of any of the above methods, the administration is targeted to the
thalamus.

In one embodiment of any of the above methods, the administration results in an increase
in the level of miR-338-3p in thalamic neurons of the subject to the level found in healthy
subjects.

In one embodiment of any of the above methods, the administration results in a decrease
in sensitivity of thalamic neurons to an antipsychotic agent (e.g., haloperidol, clozapine,
olanzapine, or another antipsychotic agent inhibiting a D2 dopamine receptor).

In one embodiment of any of the above methods, the subject has a decreased level of
miR-338-3p in thalamic neurons as compared to a control (e.g., a predetermined standard, or the
level of miR-338-3p in thalamic neurons of a healthy age- and gender-matched subject or an
average value for several such subjects).

In one embodiment of any of the above methods, the method further comprises
determining the level of miR-338-3p in thalamic neurons or a bodily fluid sample obtained from
the subject (e.g., blood [e.g., whole blood, blood lymphocytes, peripheral blood mononuclear
cells (PBMCs), blood plasma, or blood serum], urine, saliva, or cerebrospinal fluid [CSF]). In
one specific embodiment, the level of miR-338-3p is determined using a method selected from
the group consisting of hybridization, array-based assays, PCR-based assays (e.g., gPCR), and
sequencing. In one specific embodiment, the level of miR-338-3p is determined prior to the
administration of the treatment. In one specific embodiment, the level of miR-338-3p is
determined both prior and after the administration of the treatment.

In one embodiment of any of the above methods, the method further comprises

administering to the subject an additional treatment agent. In one specific embodiment, the
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additional treatment agent is an antipsychotic (e.g., haloperidol, clozapine, olanzapine, or another
antipsychotic agent inhibiting a D2 dopamine receptor).

In a separate aspect, the invention provides a method for determining efficacy of a
treatment for schizophrenia or 22q11 deletion syndrome in a subject, the method comprising:

(a) determining the level of miR-338-3p in thalamic neurons or a bodily fluid sample obtained
from the subject before the treatment,

(b) determining the level of miR-338-3p in thalamic neurons or a bodily fluid sample obtained
from the subject after the treatment,

(c) comparing the levels determined in steps (a) and (b), and

(d) determining that the treatment is effective if the level of miR-338-3p in thalamic neurons or
the bodily fluid of the subject has increased after the treatment.

In another aspect, the invention provides a method for determining the likelihood of
developing a positive symptom of schizophrenia (e.g., hallucinations, delusions, disorganized
thought, or psychosis) in a subject, the method comprising:

(a) determining the level of miR-338-3p in thalamic neurons or a bodily fluid sample obtained
from the subject,

(b) comparing the level determined in step (a) to a control level, and

(c) determining that the subject is at risk of developing a positive symptom of schizophrenia if
the level of miR-338-3p in thalamic neurons or the bodily fluid sample obtained from the subject
is lower than the control level.

In one embodiment of any of the above diagnostic methods, the control is a
predetermined standard, or the level of miR-338-3p in thalamic neurons of a healthy age- and
gender-matched subject or an average value for several such subjects.

In one embodiment of any of the above diagnostic methods, the bodily fluid is selected
from the group consisting of blood (e.g., whole blood, blood lymphocytes, peripheral blood
mononuclear cells (PBMCs), blood plasma, or blood serum), urine, saliva, and cerebrospinal
fluid (CSF).

In one embodiment of any of the above diagnostic methods, the level of miR-338-3p is
determined using a method selected from the group consisting of hybridization, array-based

assays, PCR-based assays (e.g., gPCR), and sequencing.
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In one embodiment of any of the above diagnostic methods, prior to determining miR-
338-3p level, miRNA is purified from the sample isolated from the subject.

In one embodiment of any of the above diagnostic methods, the method further comprises
the step of reducing or eliminating degradation of miRNA.

In one embodiment of any of the above diagnostic methods, the miR-338-3p comprises
the sequence UCCAGCAUCAGUGAUUUUGUUG (SEQ ID NO: 1). In one embodiment of
any of the above diagnostic methods, the miR-338-3p consists of the sequence
UCCAGCAUCAGUGAUUUUGUUG (SEQ ID NO: 1). In one embodiment of any of the
above methods of the invention, the subject is human. In another embodiment of any of the
above methods of the invention, the subject is an experimental animal model.

In a related aspect, the invention provides a kit for determining the likelihood of
developing a positive symptom of schizophrenia comprising primers and/or probes specific for
miR-338-3p.

In another related aspect, the invention provides a kit for determining efficacy of a
treatment for schizophrenia or 22ql1 deletion syndrome comprising primers and/or probes
specific for miR-338-3p.

In one embodiment, the kits of the invention comprise miRNA isolation and/or
purification means.

In one embodiment, the kits of the invention comprise instructions for use.

In another aspect, the invention provides the use of (i) miR-338-3p or a mimic or a
functional derivative thereof (including functional fragments of miR-338-3p and their
derivatives), or (ii) a vector expressing said miR-338-3p or mimic or functional derivative
thereof, or (iii) an agent capable of increasing the level or activity of miR-338-3p in the
manufacture of a medicament in the treatment and/or prevention of schizophrenia.

In yet another aspect, the invention provides the use of (i) miR-338-3p or a mimic or a
functional derivative thereof (including functional fragments of miR-338-3p and their
derivatives), or (ii) a vector expressing said miR-338-3p or mimic or functional derivative
thereof, or (iii) an agent capable of increasing the level or activity of miR-338-3p in the
manufacture of a medicament in the treatment of 22q11 deletion syndrome.

In a further aspect, the invention provides the use of (i) miR-338-3p or a mimic or a

functional derivative thereof (including functional fragments of miR-338-3p and their
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derivatives), or (ii) a vector expressing said miR-338-3p or mimic or functional derivative
thereof, or (iii) an agent capable of increasing the level or activity of miR-338-3p in the
manufacture of a medicament in the treatment and/or prevention of a positive symptom of

schizophrenia.
In one embodiment of any of the above aspects, the invention further provides the use of

In another aspect, the invention provides a pharmaceutical composition comprising miR-
338-3p or a mimic or a functional derivative thereof (including functional fragments of miR-338-
3p and their derivatives) and a pharmaceutically acceptable carrier or excipient. In one
embodiment, said composition is suitable for intranasal administration. In another embodiment,

said composition is suitable for systemic administration.

In a related aspect, the invention provides a pharmaceutical dosage form comprising
miR-338-3p or a mimic or a functional derivative thereof (including functional fragments of
miR-338-3p and their derivatives) and a pharmaceutically acceptable carrier or excipient. In one
embodiment, said dosage form is suitable for intranasal administration. In another embodiment,

said dosage form is suitable for systemic administration.

These and other aspects of the present invention will be apparent to those of ordinary

skill in the art in the following description, claims and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure la-1n. Adult onset of antipsychotics sensitivity and synaptic transmission
disruption in auditory TC projections of mouse models of 22q11DS. (a) Map of 22q11DS
orthologs deleted in Df(16)1/+ mice. (b) Illustration of wvoltage-clamp recordings of
thalamorecipient L3/4 pyramidal neurons in TC slices. TC projections are shown in red. ACx,
auditory cortex; TC, thalamocortical; MGv, ventral part of the medial geniculate nuclei. (c, d, €)
Late onset of Drd2 elevation in the auditory thalamus and TC synaptic transmission disruption in
22q11DS mice. (¢, d) Input—output relations between stimulation intensity and EPSCs at TC
projections in the ACx of 2- (¢) or 4-month-old (d) WT (black) mice and Df{(16)1/+ (white)
mice. (e) Drd2 transcript levels in the MGV of 2- and 4-month-old WT (left black bar) and
Df(16)1/+ mice (right gray bar) (numbers of mice are shown inside columns). (f, g) The effect of
haloperidol on TC EPSCs in 2- (f) and 4-month-old (g) WT (black) and Df{16)1/+ (white)
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littermates. Haloperidol-induced percentage change (AH) in the slope of TC EPSCs relative to
baseline (before haloperidol application; dashed line). (h) The AH as a function of mouse age in
WT (black) and Dff16)1/+ (white) littermates. (i, j) The effect of haloperidol on TC EPSCs in 2-
(i) and 4-month-old (j) WT (black) and Dger8*” (gray) littermates. (k) The AH as a function of
mouse age in WT (black) and Dgcr8+/' (gray) littermates. (I) Average Drd2 mRNA levels
normalized to Gapdh in the auditory thalamus of 2- and 4-month-old WT (left black bar) and
Dgcr8™" littermates (right gray bar). (m, n) Mean PPI of maximal acoustic-startle response in 2-
(m) and 4-month-old (n) WT (left black bar) and Dgcr8™~ (right gray bar) littermates. For the 2-
month experiment (m), 23 WT mice and 22 Dgcr8*” mice were used; in the 4-month experiment
(n), 36 WT mice and Dger8™ mice were used. Scale bars, 50 pA, 10 ms. Insets show
representative EPSCs before (1) and after (2) haloperidol application. Numbers of mice or
neurons are shown inside the columns or parenthesis, with the number of WT mice/neurons first.

Data are represented as the mean = SEM. SPL (sound pressure level), *p <0.05.

Figure 2a-2j. Identification of Drd2-targeting miR-338-3p in the auditory thalamus.
(a-d) Volcano plots of miRNA microarray data from the auditory thalamus of 2- (a, ¢) and 4-
month-old (b, d) WT and Df{16)1/+ (a, b) and WT and Dgcr8*” (c, d) male littermates. The
difference between miRNA levels in WT and mutants was considered significant if p <0.01 and
log, fold change (FC) > £ 0.2. Symbol size represents the miRNA expression level in the
microarray. Note miR-338-3p had the highest expression among all predicted Drd2-targeting
miRNAs. (e) Diagram of the mouse Drd2 3'UTR (XM _006509996.2; SEQ ID NO: 43) with seed
sites for the 5 miRNAs indicated. (f) Experimental design of a recombinant AAV encoding a
chimeric construct overexpressing an miRNA of interest (top) injected into the mouse MGv
(bottom). (g) GFP expressed specifically in the auditory TC projections after in vivo injection of
recombinant AAV. (h) Haloperidol sensitivity of TC projections in 4-month-old WT mice (left
black bar) and Df{16)1/+ mice (right gray bar) previously injected with AAVs encoding different
miRNAs or GFP. Only miR-338-3p eliminates haloperidol sensitivity in TC projections of
Df(16)1/+ mice. Numbers of mice are indicated in parentheses above each bar; the left-hand
number is the number of WT mice used and the right-hand number is the number of Df{(16)1/+
mice used. (i) Relative average levels of miRNA expression in the thalamus, hippocampus, and
cortex of WT mice (normalized to the average of three housekeeping genes: U6, snoRNA202,

and snoRNA234). Only miR-338-3p shows enrichment in the thalamus. (j) Mean relative miR-
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338-3p levels (normalized to U6) in the postmortem MGv and ACx tissues from patients with
schizophrenia (SCZ) (right gray bar) and healthy controls (left black bar). Six healthy controls

and 6 patients with SCZ were used.

Figure 3a-3d. Replenishment of miR-338-3p in the auditory thalamus rescues
deficits in synaptic transmission and presynaptic neurotransmitter release at TC
projections of 22q11DS mouse models. (a) In vivo infection of MGv relay neurons with 44V-
GFP-miR-338-3p or AAV-GFP. (b) GFP expression (gray) in cell bodies in the MGv (left) and in
projections to the thalamorecipient L3/4 layer of the ACx (right). A patch pipette and part of an
L3/4 pyramidal neuron filled with Alexa 594 are shown in gray. (c, d) Input—output relations
between stimulation intensity and EPSCs (c) and PPR (d) at TC projections in the ACx of 4- to
5-month-old WT and Df{16)1/+ mice injected with either AAV-GFP-miR-338-3p or AAV-GFP.
WT-GFP=black; WT-miR-338-3p=darkest gray in panel ¢ and lightest gray in panel d;
Df(16)1/+-GFP=medium gray; Df{16)I/+- miR-338-3p=gray. Insets show representative
EPSCs. Scale bar, 20 ms, 50 pA. Numbers of neurons are shown in parentheses, with the number

of WT neurons first. Data are represented as the mean + SEM. *p <0.001.

Figure 4a-4p. The depletion of knockout of miR-338 replicates the TC deficiency of
Df(16)1/+ mice. (a) AAV expressing a miR-338-3p sponge construct with multiple binding sites
to miR-338-3p in the GFP 3'UTR, under control of the CamKIila promoter. Sequences for the
miR-338-3p sponge and scrambled control are shown below. Bold text indicates seed-site
sequence. (b) Relative Drd2 mRNA levels after infection of MGv excitatory neurons in WT
mice with an AAV encoding a scrambled control (left black bar) or miR-338-3p sponge (right
gray bar). (¢) Normalized mean TC EPSCs before and after application of haloperidol in WT
mice after infection of MGv neurons with AAVs encoding a scrambled control (black)or miR-
338-3p sponge (light gray). Insets show representative EPSCs. (d) Generation of miR-338 KO
mice. (e) Normalized levels of miR-338-3p and Drd2 in the auditory thalamus of WT (left black
bar), miR-338"" (middle dark gray bar), and miR-338 - (right light gray bar) mice. (f)
Simultaneous recordings of EPSCs in L.3/4 pyramidal neurons evoked by electrical stimulation
of the thalamocortical (TC) and corticocortical (CC) projections. (g, h) Input—output relations
between electrical stimulation intensity and EPSCs at TC projections (g) and CC projections (h)
in the ACx of 4-month-old WT (black) and miR-338"" (white) mice. (i-I) PPR (i, j) and
NMDAR/AMPAR ratio (k, 1) of electrically evoked EPSCs measured at TC (i, k) and CC

10
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projections (j, 1) of 4-month-old WT (black) and miR-338™" (gray or white) mice. WT mice
(n=26) are represented by the bottom black line and miR-338"" mice (n=22) are represented by
the upper gray line in i. WT mice are represented by the left black bar and miR-338"" mice are
represented by the right gray bar in k, 1, with numbers of neurons indicated in the bars. (m)
Optogenetic experiments in TC slices. ChR2 was expressed in the MGv, under control of the
CamKlla promoter. (n-p) Input-output relations (n), PPR (0), and NMDAR/AMPAR ratio (p) of
optically evoked EPSCs (0EPSC) measured at TC projections of 4-month-old WT (black) and
miR-338"" (white) mice. WT mice are represented by the left black bar and miR-338"" mice are
represented by the right gray bar in p, with numbers of neurons indicated in the bars. Insets
show representative AMPAR-mediated (—70 mV holding membrane potential) and NMDAR-
mediated (+40 mV holding membrane potential) EPSC and oEPSC traces. Scale bars (if not
noted otherwise), 20 ms, 50 pA. Numbers of neurons are shown inside the columns or
parentheses, with the number of WT neurons first. Data are represented as the mean + SEM. *p

<0.05. '

Figure Sa-5f. Probability of glutamate release is reduced at TC projections of miR-
338" mice. (a) An L3/4 pyramidal neuron filled with Fluo-5F and Alexa 594 through a patch
pipette (left) to visualize synaptically evoked calcium transients inside dendritic spines (right).
Gray line represents the line scan. (b) Calcium transients in a dendritic spine in response to a
single thalamic stimulation (arrows) repeated 10 times at 0.1 Hz. (¢) Location of active TC
inputs on dendritic trees of L3/4 pyramidal neurons spines. (0;0), soma coordinates (apical
dendrites pointing upwards); black circles represent data from WT mice while white circles
represent data from miR-338"" mice. (d-f) Average distances from soma to active TC inputs (d),
calcium transient peak amplitudes (e), and probabilities (f) in response to 10 to 20 single TC
stimulations. WT mice are represented by the left black bar and miR-338" mice are represented
by the right gray bar in d-f. Numbers of spines are shown in parentheses (WT=27 spines, miR-

338""=32 spines). Data are represented as the mean + SEM. *p <0.01.

Figure 6a-6g. Deletion of miR-338 in mice eliminates age dependency for
antipsychotics sensitivity and replicates 22q11DS phenotypes. (a) Average TC EPSCs before
(1) and during (2-3) application of the Drd2-specific inhibitor 1.-741,626 and haloperidol in 4-

month-old WT (black) and miR-338™" (white) mice. (b) Haloperidol sensitivity (AH) in WT
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(black) and miR-338"" (white) mice between 1.5 and 4 months of age. (¢, d) Mean TC EPSCs
before (1) and after (2) haloperidol in 2-month-old WT (black) and miR-338"" (white) mice that
received control (¢) or Drd2 siRNA injected into their MGv (d). Insets show representative
EPSCs. (e-g) Mean PPI of maximal acoustic startle response in 1.5- (e), 2- (f), and 4-month-old
(g) WT and miR-338"" littermates. WT mice are represented by the left black bar and miR-338"
mice are represented by the right gray bar in e-g. Numbers of mice are shown in parentheses (e,
WT=22, miR-338""=21; f, WT=22, miR-338""=21; g, WT=21, miR-338""=20). Numbers of
neurons or mice are shown inside parentheses, with the number of WT mice/neurons first. Data

are represented as the mean &= SEM. SPL, sound pressure level. *p <0.05.

Figure 7. QRT-PCR verification of depletion of five Drd2-targeting miRNAs in the
MGy of Dgcr8™ mice. Relative expression levels of the U6 loading control and Drd2-targeting
miRNAs in the auditory thalamus of 2- and 4-month-old WT and Dger8™” littermates. The left-
most (lightest gray) bar for each miRNA corresponds to 2-month WT mice, followed by a lighter
gray bar corresponding to 2-month Dgcr8+/_ littermates, followed by a black bar corresponding
to 4-month WT mice, followed by a dark gray bar corresponding to 4-month Dger8*"-
littermates. Data are normalized to the 2-month-old WT levels for each miRNA. Data are

represented as the mean + SEM. *p <0.05.

Figure 8a-8k. MGv restoration of miR-338-3p but not other Drd2-targeting miRNAs
eliminates abnormal haloperidol sensitivity of TC projections in 22q11DS mice. (a-¢) Mean
levels of miR-337-5p (a), miR-338-3p (b), miR-335-5p (¢), miR-337-3p (d), and miR-335-3p (e)
were normalized to the U6 loading control in the MGv of 4-month-old WT and Df{16)1/+ mice
injected with AAVs overexpressing a control vector (GFP) or respective miRNAs (n = 3-7 mice
per experiment). The left black bar corresponds to WT mice while the right gray bar corresponds
to Df{16)1/+ mice in each of a-e. (f-k) Mean TC EPSCs were normalized to baseline before and
after haloperidol in 4-month-old WT and Df{16)1/+ mice injected with AAVs overexpressing a
control vector (GFP) (f), miR-337-5p (g), miR-338-3p (h), miR-335-5p (i), miR-337-3p (), or
miR-335-3p (K) into the MGv. The black circles correspond to WT mice while the dark gray
circles correspond to Df{76)1/+ mice in each of f-k. Insets show representative traces before (1)

and during (2) the application of haloperidol. *p <0.05.
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Figure 9. Validation of the miR-338-3p sponge. Luminescence activity measured with
the luciferase reporter vector alone, cloned into the luciferase reporter vector miRNA sponges
containing 4 to 26 seed sites, or scrambled sites in the presence of control pcDNA (right dark
gray bar), miR-338-3p (left black bar), or miR-185-5p (middle light gray bar). Based on these

experiments, the miR-338-3p sponge with 12 seed sites was chosen for in vivo experiments.

Figure 10a-10e. The miR-338—targeted deletion in mice does not affect the
expression of the miR-338 host gene Aatk or mouse development. (a, b) Normalized average
levels of Aatk mRNA in the MGv of 2- (light gray bar) and 4-month-old (black bar) WT mice (a)
and in 4-month-old WT (left black bar), miR-338"" (middle dark gray bar), and miR-338" (right
light gray bar) littermates (b). Numbers of mice are shown inside the columns. (¢) Relative levels
of miR-338-3p, miR-338-5p, miR-3065-3p, and miR-3065-5p in the MGv of WT (left black bar),
miR-338"" (middle dark gray bar), and miR-338" (right light gray bar) littermates (3-4
mice/genotype). (d, e) Representative image (d) and average body weight (e) of WT (left black
bar), miR-338"" (middle dark gray bar), and miR-3387 (right light gray bar) male littermates

(1.5-3 months of age). Numbers of mice are shown inside the columns. *p <0.05.

Figure 11a-11c. Deletion of miR-338 eliminates age dependency for TC sensitivity to
antipsychotics. (a-c) Normalized mean TC EPSCs before (1) and after (2) haloperidol
application were measured in the MGvs of WT (black) or miR-338"" (white) mice at 4 months
(a), 2 months (b), or 1.5 months (c). Numbers of neurons are shown in parentheses. Insets show

representative TC EPSC traces before (1) and after (2) haloperidol application. *p <0.05.

Figure 12a-12b. Abnormal sensitivity of TC projections in miR-338+/~ mice to the
antipsychotics clozapine and olanzapine. (a,b) Normalized mean TC EPSCs before (1) and
after (2) 40 uM clozapine (a) and 1 uM olanzapine (b) in 3.5- month old WT (black) and miR-
338" (white) mice. Numbers of neurons are shown in parenthesis, with the number of WT
neurons first. Insets show representative TC EPSC traces before and after haloperidol

application. *P <0.05.

Figure 13a-13b. Local depletion of miR-338-3p in the MGy renders TC projections
to the ACx sensitive to antipsychotics at a younger age. (a) In vivo expression of the miR-
338-3p sponge (light gray) or scrambled control (black) after injection into the MGv. (b)
Normalized mean TC EPSCs before (1) and after (2) application of haloperidol in 2-month-old
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WT mice. Numbers of neurons are shown in the parentheses, with the number of WT neurons
first. Insets show representative TC EPSC traces before (1) and after (2) haloperidol application.
*p <0.05.

Figure 14a-14c. Normal hearing in miR-338" mice. (a-c) Auditory brainstem
responses in WT (black) and miR-338"" (white) mice at 1.5 months (a), 2 months (b), and 4

months (¢). Numbers of mice are shown in parentheses, with the number of WT mice first.

Figure 15 illustrates that an overexpression of miR-338-3p reduces Drd2 levels in the
MGv. Average levels of Drd2 mRNA normalized to U6 in the MGv of 4-month-old WT (left
black bar) and Df{16)1/+ (right gray bar) mice injected with AAVs overexpressing a control
vector (GFP) or miR-338-3p. *P <0.05.

DETAILED DESCRIPTION OF THE INVENTION

The present invention is based on an unexpected discovery by the inventor that miR-338-

3p miRNA is depleted in 22q11 deletion syndrome (which in 30% cases leads to schizophrenia)
and this leads to abnormal elevation of Drd2 in the thalamus. This renders thalamic neurons
sensitive to antipsychotics.

As further demonstrated herein, replenishment of miR-338-3p normalizes the Drd2 level
and rescues abnormal function of thalamic neurons and their abnormal sensitivity to
antipsychotics. Thalamic knockdown or deletion of miR-338-3p mimics 22q11DS molecular,
synaptic, and behavioral auditory abnormalities, and more importantly, does so regardless of age.
This result suggests that thalamic miR-338-3p is the crucial mediator and the late-onset
controller of a pathogenic pathway underlying the positive symptoms of schizophrenia.

Based on these observations, the invention provides a targeted therapy against positive
symptoms of schizophrenia that is devoid of side-effects attributable to antipsychotics, which
therapy comprises replenishment of miR-338-3p in the thalamus.

Definitions

As used herein, the term "schizophrenia" includes a condition generally described as
schizophrenia or a condition having symptoms related thereto. Schizophrenia can be considered
a disease with a spectrum of manifestations with various threshold levels. Symptoms of
schizophrenia may appear in a range of related disorders including classical schizophrenia as

well as dementia, bipolar disorder, obsessive compulsive disorder (OCD), panic disorder,
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phobias, acute stress disorder, adjustment disorder, agoraphobia without history of panic
disorder, alcohol dependence (alcoholism), amphetamine dependence, brief psychotic disorder,
cannabis dependence, cocaine dependence, cyclothymic disorder, delirium, delusional disorder,
dysthymic disorder, generalized anxiety disorder, hallucinogen dependence, major depressive
disorder, nicotine dependence, opioid dependence, paranoid personality disorder, Parkinson's
disease, schizoaffective disorder, schizoid personality disorder, schizophreniform disorder,
schizotypal personality disorder, sedative dependence, shared psychotic disorder, smoking
dependence and social phobia.

In the present application, the terms “microRNA”, “miRNA” and “miR” are used
interchangeably to refer to a class of small approximately 20-25 nt long non-coding RNA
molecules. They play important roles in the regulation of target genes through sequence-specific
hybridization to the 3’ untranslated region (UTR) of messenger RNAs (mRNA) to repress their
translation or regulate degradation (Griffiths-Jones Nucleic Acids Research, 2006, 34, Database
issue: D140-D144; Baek et al., Nature 455(7209):64 (2008); Selbach et al., Nature 455(7209):58
(2008); Ambros, 2004, Nature, 431, 350-355; Bartel, 2004, Cell, 116, 281-297; Cullen, 2004,
Virus Research., 102, 3-9; He et al., 2004, Nat. Rev. Genet., 5, 522-531; and Ying et al., 2004,
Gene, 342, 25-28). Most miRNAs are transcribed by RNA polymerase II from intergenic,
intronic or polycistronic loci to long primary transcripts, called pri-miRNAs. vPri-miRNAs are
processed sequentially first in the nucleus (usually by the Drosha-DGCR8 complex) to
approximately 70-100 nt pre-miRNA hairpin structures and then in the cytoplasm by the Dicer
(ribonuclease [II-like nuclease enzyme)-TRBP complex to approximately 2-25 nt miRNA
duplexes (van Rooij and Kauppinen, EMBO Mol Med., 2014, 6(7): 851-864). In the cytoplasm,
miRNA duplexes are incorporated into an Argonaute protein-containing miRNA-induced
silencing complex (miRISC), followed by unwinding of the duplex and retention of the mature
miRNA strand in miRISC, while the complementary strand is released and degraded (van Rooij
and Kauppinen, EMBO Mol Med., 2014, 6(7): 851-864). miRNAs guide the miRISC to target
mRNAs by base pairing imperfectly with their 3-UTRs, leading to translational repression
and/or degradation of the mRNA targets. The miRNA target sites, located in the 3’UTR of
mRNAs, are often imperfectly matched to the miRNA sequence. Frequently, one miRNA can
target multiple mRNAs and one mRNA can be regulated by multiple miRNAs targeting different
regions of the 3' UTR. The 5’ region of miRNA, also known as the “seed” region (nt 2-7), is the
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most critical sequence for targeting and function. Unless otherwise noted, the name of a specific
miRNA refers to a mature miRNA sequence. Under current nomenclature rules, human
miRNAs are preceded with the prefix "hsa-" (i.e., an abbreviation for Homo sapiens).
Throughout the specification and figures the hsa- prefix may be dropped for purposes of
abbreviation, thus, for example, “hsa-miR-338-3p” and “miR-338-3p” would represent the same
RNA sequence.

The present invention relates to miR-338, which is encoded within the intronic region of
the gene for apoptosis-associated tyrosine kinase (AATK). It has been reported that miR-338
may downregulate genes which have a downstream negative effect on AATK expression. The
sequence of the mature human miR-338-3p is S’UCCAGCAUCAGUGAUUUUGUUG3’ (SEQ
ID NO: 1).

As defined herein, the term “functional derivative” of a miRNA refers to a miRNA that
has less than 100% identity to a corresponding wild-type miRNA and possesses one or more
biological activities of the corresponding wild-type miRNA. Examples of such biological
activities include, but are not limited to, inhibition of expression of a target RNA molecule (e g,
inhibiting translation of a target mRNA molecule and/or modulating the stability of a target
mRNA molecule) and inhibition of a cellular process associated therewith. These functional
derivatives include species variants and variants that are the consequence of one or more
mutations (e.g., a substitution, a deletion, an insertion) in a miRNA-encoding gene. In certain
embodiments, the variant is at least about 70%, 75%, 80%, 85%, 90%, 95%, 98%, or 99%
identical to a corresponding wild-type miRNA. Functional derivatives also encompass
“functional fragments” of miRNA, i.e., portions of miRNA which are less than the full-length
molecule (and their species and mutant variants) and that possess one or more biological
activities of a corresponding wild-type miRNA. In certain embodiments, the biologically-active
fragment is at least about 5, 7, 10, 12, 15, or 17 nucleotides in length.

As used herein, the term “miRNA mimic” refers to a double-stranded miRINA-like RNA
fragment. Such miRNA mimic is designed to have its 5'-end bearing a partially complementary
motif to the selected sequence in the 3'UTR unique to the target mRNA. Once introduced into
cells, miRNA mimic, mimicking an endogenous miRNA, can bind to its target mRNA and inhibt
its translation and/or modulate its stability. Unlike endogenous miRNAs, miR-mimics can be

made to act in a gene-specific fashion by increasing the region of perfect complementarity with
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mRNA 3’ UTR. Often, miRNA mimics are made to harbor chemical modifications to improve
stability and/or cellular uptake (Rooij and Kauppinen, EMBO Mol Med., 2014, 6(7): 851-864).
In such double-stranded miRNA mimics, the strand identical to the miRNA of interest is the
guide (antisense) strand, while the opposite (passenger or sense) strand is less stable and can be
linked to a molecule, such as, e.g., cholesterol, to enhance cellular uptake. In addition, the
passenger strand may contain chemical modifications to prevent RISC loading, while it is further
left unmodified to ensure rapid degradation. Since the miRISC needs to recognize the guide
strand as a miRINA, the chemical modifications that can be used for the guide strand are limited.
For example, the 2'-fluoro (2'-F) modification helps to protect against exonucleases, hence
making the guide strand more stable, while it does not interfere with RISC loading (Rooij and
Kauppinen, EMBO Mol Med., 2014, 6(7): 851-864).

The terms “vector”, “expression vector”, and “expression construct” are used
interchangeably to refer to a composition of matter which can be used to deliver a nucleic acid of
interest to the interior of a cell and mediate its expression within the cell. Most commonly used
examples of vectors are autonomously replicating plasmids and viruses (such as, e.g., adenoviral
vectors, adeno-associated virus vectors (AAV), lentiviral vectors, Sindbis virus vectors, etc.).
An expression construct can be replicated in a living cell, or it can be made synthetically. In one
embodiment, an expression vector comprises a promoter operably linked to a polynucleotide
(e.g., a polynucleotide encoding miR-338-3p or its derivative or mimic) which promoter controls
the initiation of transcription by RNA polymerase and expression of the polynucleotide. Typical
promoters for mammalian cell expression include, e.g., SV40 early promoter, CMV immediate
early promoter (see, e.g., U.S. Pat. Nos. 5,168,062 and 5,385,839), mouse mammary tumor virus
LTR promoter, adenovirus major late promoter (Ad MLP), herpes simplex virus promoter,
murine metallothionein gene promoter, and U6 or H1 RNA pol III promoter. Non-limiting
examples of promoters useful for expression miRNA338-3p in the methods of the present
invention include, e.g., Synapsin promoter (neuron specific), CamKIla promoter (specific for
excitatory neurons), CMV promoter, and B-actin promoter. These and other promoters can be
obtained from commercially available plasmids, using techniques well known in the art. See,
e.g., Sambrook et al., supra. Enhancer elements may be used in association with promoters to
increase expression levels of the vectors. Examples include the SV40 early gene enhancer, as

described in Dijkema et al., EMBO J. (1985) 4:761, the enhancer/promoter derived from the long
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terminal repeat (LTR) of the Rous Sarcoma Virus, as described in Gorman et al., Proc. Natl.
Acad. Sci. USA (1982b) 79:6777 and elements derived from human CMYV, as described in
Boshart et al., Cell (1985) 41:521, such as elements included in the CMV intron A sequence.

Typically, transcription terminator/polyadenylation signals will also be present in the
expression vector. Examples of such sequences include, but are not limited to, those derived
from SV40, as described in Sambrook et al., supra, as well as a bovine growth hormone
terminator sequence (see, e.g., U.S. Pat. No. 5,122,458). Additionally, 5’-UTR sequences can be
placed adjacent to the coding sequence in order to enhance expression of the same. Such
sequences include UTRs which include, e.g., an Internal Ribosome Entry Site (IRES) present in
the leader sequences of picornaviruses such as the encephalomyocarditis virus (EMCV) UTR
(Jang et al. J. Virol. (1989) 63:1651-1660. Other useful picornavirus UTR sequences include,
e.g., the polio leader sequence, hepatitis A virus leader and the hepatitis C IRES.

In certain embodiments of the invention, the cells containing nucleic acid constructs of
the present invention may be identified in vitro or in vivo by including a marker in the expression
vector. Such markers would confer an identifiable change to the cell permitting easy
identification of cells containing the expression vector. Usually the inclusion of a drug selection
marker aids in cloning and in the selection of transformants, for example, genes that confer
resistance to neomycin, puromycin, hygromycin, DHFR, GPT, zeocin and histidinol are useful
selectable markers. Alternatively, enzymes such as herpes simplex virus thymidine kinase (tk)
or chloramphenicol acetyltransferase (CAT) may be employed. Fluorescent markers (e.g., green
fluorescent protein (GFP), EGFP, or Dronpa), or immunologic markers can also be employed.
Further examples of selectable markers are well known to one of skill in the art.

In the context of the present invention insofar as it relates to any of the disease conditions
recited herein, the terms “treat”, “treatment”, and the like mean to relieve or alleviate at least one
symptom associated with such condition, or to slow or reverse the progression of such condition,
or to arrest, delay the onset (i.e., the period prior to clinical manifestation of a diseasé) and/or
reduce the risk of developing or worsening a disease. Within the meaning of the present
invention, the term “treat” also encompasses preventing and/or reducing a positive symptom
associated with schizophrenia or 22q11 DS, such as, e.g., hallucinations, delusions, disorganized
thought, or psychosis.

As used herein the term “therapeutically effective” applied to dose or amount refers to
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that quantity of a compound or pharmaceutical composition that is sufficient to result in a desired
activity (e.g., decrease in positive symptoms associated with schizophrenia and/or 22q11DS)
upon administration to a subject in need thereof. Note that when a combination of active
ingredients is administered, the effective amount of the combination may or may not include
amounts of each ingredient that would have been effective if administered individually. The
exact amount required will vary from subject to subject, depending on the species, age, and
general condition of the subject, the severity of the condition being treated, the particular drug or
drugs employed, the mode of administration, and the like. An appropriate “effective” amount in
any individual case may be determined by one of ordinary skill in the art using routine
experimentation, based upon the information provided herein.

The phrase “pharmaceutically acceptable”, as used in connection with compositions of
the invention, refers to molecular entities and other ingredients of such compositions that are
physiologically tolerable and do not typically produce untoward reactions when administered to
a mammal (e.g., a human). Preferably, as used herein, the term “pharmaceutically acceptable”
means approved by a regulatory agency of the Federal or a state government or listed in the U.S.
Pharmacopeia or other generally recognized pharmacopeia for use in mammals, and more
particularly in humans.

As used herein, the term “combination” of a composition of the invention and at least a
second pharmaceutically active ingredient means at least two, but any desired combination of
compounds can be delivered simultaneously or sequentially (e.g., within a 24 hour period). It is
contemplated that when used to treat various diseases, the compositions and methods of the
present invention can be utilized with other therapeutic methods/agents suitable for the same or
similar diseases. Such other therapeutic methods/agents can be co-administered (simultaneously
or sequentially) to generate additive or synergistic effects. Suitable therapeutically effective
dosages for each agent may be lowered due to the additive action or synergy.

The term “carrier” refers to a diluent, adjuvant, excipient, or vehicle with which the
compound is administered. Such pharmaceutical carriers can be sterile liquids, such as water and
oils, including those of petroleum, animal, vegetable or synthetic origin, such as peanut oil,
soybean oil, mineral oil, sesame oil and the like. Water or aqueous solution saline solutions and
aqueous dextrose and glycerol solutions are preferably employed as carriers, particularly for

injectable solutions. Alternatively, the carrier can be a solid dosage form carrier, including but
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not limited to one or more of a binder (for compressed pills), a glidant, an encapsulating agent, a
flavorant, and a colorant. Suitable pharmaceutical carriers are described in “Remington’s
Pharmaceutical Sciences” by E.W. Martin,

An “individual” or “subject” or “animal”, as used herein, refers to humans, veterinary
animals (e.g., cats, dogs, cows, horses, sheep, pigs, etc.) and experimental animal models of
schizophrenia or 22q11 DS. In a preferred embodiment, the subject is a human.

The term “associated with” is used to encompass any correlation, co-occurrence and any
cause-and-effect relationship.

The term “about” means within an acceptable error range for the particular value as
determined by one of ordinary skill in the art, which will depend in part on how the value is
measured or determined, i.e., the limitations of the measurement system. For example, “about”
can mean within an acceptable standard deviation, per the practice in the art. Alternatively,
“about” can mean within an order of magnitude, preferably within 50%, more preferably within
20%, still more preferably within 10%, even more preferably within 5%, and most preferably
within 1% of a given value or range. Alternatively, particularly with respect to biological
systems or processes, the term can mean within an order of magnitude, preferably within 2-fold,
of a value. Where particular values are described in the application and claims, unless otherwise
stated, the term “about” is implicit and in this context means within an acceptable error range for
the particular value.

It must be noted that, as used in this specification and the appended claims, the singular
forms “a,” “an” and “the” include plural referents unless the content clearly dictates otherwise.

In accordance with the present invention there may be employed conventional molecular
biology, microbiology, and recombinant DNA techniques within the skill of the art. Such
techniques are explained fully in the literature. See, e.g., Sambrook, Fritsch & Maniatis,
Molecular Cloning: A Laboratory Manual, Second Edition. Cold Spring Harbor, NY: Cold
Spring Harbor Laboratory Press, 1989 (herein “Sambrook et al., 1989”); DNA Cloning: A
Practical Approach, Volumes I and II (D.N. Glover ed. 1985); Oligonucleotide Synthesis (M.J.
Gait ed. 1984); Nucleic Acid Hybridization [B.D. Hames & S.J. Higgins eds. (1985)];
Transcription And Translation [B.D. Hames & S.J. Higgins, eds. (1984)]; Animal Cell Culture
[R.I. Freshney, ed. (1986)]; Immobilized Cells And Enzymes [IRL Press, (1986)]; B. Perbal, A
Practical Guide To Molecular Cloning (1984); Ausubel, F.M. et al. (eds.). Current Protocols in
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Molecular Biology. John Wiley & Somns, Inc., 1994. These techniques include site directed
mutagenesis as described in Kunkel, Proc. Natl. Acad. Sci. USA 82: 488- 492 (1985), U. S.
Patent No. 5,071, 743, Fukuoka et al., Biochem. Biophys. Res. Commun. 263: 357-360 (1999);
Kim and Maas, BioTech. 28: 196-198 (2000); Parikh and Guengerich, BioTech. 24: 4 28-431
(1998); Ray and Nickoloff, BioTech. 13: 342-346 (1992); Wang et al., BioTech. 19: 556-559
(1995); Wang and Malcolm, BioTech. 26: 680-682 (1999); Xu and Gong, BioTech. 26: 639-641
(1999), U.S. Patents Nos. 5,789, 166 and 5,932, 419, Hogrefe, Strategies 14. 3: 74-75 (2001), U.
S. Patents Nos. 5,702,931, 5,780,270, and 6,242,222, Angag and Schutz, Biotech. 30: 486-488
(2001), Wang and Wilkinson, Biotech. 29: 976-978 (2000), Kang et al., Biotech. 20: 44-46
(1996), Ogel and McPherson, Protein Engineer. 5: 467-468 (1992), Kirsch and Joly, Nucl. Acids.
Res. 26: 1848-1850 (1998), Rhem and Hancock, J. Bacteriol. 178: 3346-3349 (1996), Boles and
Miogsa, Curr. Genet. 28: 197-198 (1995), Barrenttino et al., Nuc. Acids. Res. 22: 541-542
(1993), Tessier and Thomas, Meths. Molec. Biol. 57: 229-237, and Pons et al., Meth. Molec.
Biol. 67: 209-218.

Therapeutic Methods of the Invention

In one embodiment, the present invention provides a method for treatment and/or
prevention of schizophrenia in a subject in need thereof, the method comprising administering to
the subject a therapeutically effective amount of (i) miR-338-3p or a mimic or a functional
derivative (including functional fragments) thereof, or (ii) a vector expressing said miR-338-3p
or mimic or functional derivative thereof, or (iii) an agent capable of increasing the level or
activity of miR-338-3p. In another embodiment, the invention provides a method for treatment
of 22q11 deletion syndrome in a subject in need thereof, the method comprising administering to
the subject a therapeutically effective amount of (i) miR-338-3p or a mimic or a functional
derivative thereof, or (ii) a vector expressing said miR-338-3p or mimic or functional derivative
thereof, or (iii) an agent capable of increasing the level or activity of miR-338-3p. In yet another
embodiment, the invention provides a method for treatment of a positive symptom of
schizophrenia in a subject in need thereof, the method comprising administering to the subject a
therapeutically effective amount of (i) miR-338-3p or a mimic or a functional derivative thereof,
or (ii) a vector expressing said miR-338-3p or mimic or functional derivative thereof, or (iii) an
agent capable of increasing the level or activity of miR-338-3p. In one embodiment, the miR-

338-3p or mimic or derivative thereof targets Drd2, e.g., Drd2 present in the thalamus. In
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another embodiment, the miR-338-3p or mimic or derivative thereof mediates TC disruption,
e.g., by mediating the Dgcr8—Drd2 mechanism.

The therapeutic methods of the invention encompass over-expressing miR-338-3p,
functional derivatives thereof or miR-338-3p mimics, e.g., using viral constructs, or using sense-
based oligonucleotides or modified-oligonucleotide mimics (e.g., technologies from miRNA
Therapeutics and miRagen Therapeutics), or inhibiting negative or activating positive miRNA
regulators (transcriptional or epigenetic), etc.

The miR-338-3p can be expressed from recombinant viral vectors. The recombinant
viral vectors of the invention comprise sequences encoding the miR-338-3p and any suitable
promoter for expressing the RNA sequences. Typical promoters for mammalian cell expression
include, e.g., SV40 early promoter, CMV immediate early promoter (see, e.g., U.S. Pat. Nos.
5,168,062 and 5,385,839), mouse mammary tumor virus LTR promoter, adenovirus major late
promoter (Ad MLP), herpes simplex virus promoter, murine metallothionein gene promoter, and
U6 or HI RNA pol III promoter. Non-limiting examples of promoters useful for expression
miRNA338-3p in the methods of the present invention include, e.g., Synapsin promoter (neuron
specific), CamKlla promoter (specific for excitatory neurons), CMV promoter, and B-actin
promoter. Cell-type- or tissue-specific promoters can be used to express miRNA to allow for cell
type- or tissue-specific expression. For example, the recombinant viral vectors of the invention
can comprise inducible or regulatable promoters for expression of the miR-338-3p in thalamic
neuronal cells.

Any viral vector capable of accepting the coding sequences for the miR-338-3p can be
used. For example, vectors derived from adenovirus (AV), adeno-associated virus (AAV),
retroviruses (e.g., lentiviruses (LV), Rhabdoviruses, murine leukemia virus), Sindbis virus,
herpes virus, and the like. The tropism of the viral vectors can be modified by pseudotyping the
vectors with envelope proteins or other surface antigens from other viruses, or by substituting
different viral capsid proteins, as appropriate. For example, lentiviral vectors of the invention
can be pseudotyped with surface proteins from vesicular stomatitis virus (VSV), rabies, Ebola,
Mokola, and the like. AAYV vectors of the invention can be made to specifically target certain
cells or tissues by engineering the vectors to express certain capsid protein serotypes. Currently,
there are several AAV serotypes available that can be used for tissue enrichment based on

natural tropism toward specific cell types and interaction between different cellular receptors and
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serotypes. For example, an AAV vector expressing a serotype 2 capsid on a serotype 2 genome
is called AAV 2/2. This serotype 2 capsid gene in the AAV 2/2 vector can be replaced by a
serotype 5 capsid gene to produce an AAV 2/5 vector. Techniques for constructing AAV vectors
which express different capsid protein serotypes are within the skill in the art; see, e.g,
Rabinowitz J. E. et al. (2002), J Virol 76:791801. A method for constructing the recombinant
AV vector, and a method for delivering the vector into target cells, are also described in Xia et
al. (2002), Nat. Biotech. 20:1006-1010. Suitable AAV vectors for expressing the miRNAs,
methods for constructing the recombinant AAV vector, and methods for delivering the vectors
into target cells are described in Samulski et al. (1987), J. Virol. 61:3096-3101; Fisher et al.
(1996), J. Virol., 70:520-532; Samulski et al. (1989), J. Virol. 63:3822-3826; U.S. Pat. No.
5,252,479; U.S. Pat. No. 5,139,941; International Patent Application No. WO 94/13788; and
International Patent Application No. WO 93/24641.

Alternatively, the miR-338-3p can be expressed from recombinant circular or linear DNA
plasmids using any suitable promoter, including inducible/regulatable promoters. In one
embodiment, the miR-338-3p is expressed as RNA precursor molecules from a plasmid, and the
precursor molecules are processed into the functional mature miR-338-3p by a suitable
processing system, including, but not limited to, processing systems existing within the thalamic
neurons. Other suitable processing systems include, e.g., the in vitro Drosophila cell lysate
system (e.g., as described in U.S. Published Patent Application No. 2002/0086356 to Tuschl et
al.) and the E. coli RNAse III system (e.g., as described in U.S. Published Patent Application No.
2004/0014113 to Yang et al.).

Selection of plasmids suitable for expressing miR-338-3p, methods for inserting nucleic
acid sequences into the plasmid to express miR-338-3p, and methods of delivering the
recombinant plasmid to the cells of interest are within the skill in the art. See, for example, Zeng
et al. (2002), Molecular Cell 9:1327-1333; Tuschl (2002), Nat. Biotechnol, 20:446-448;
Brummelkamp et al. (2002), Science 296:550-553; Miyagishi et al. (2002), Nat. Biotechnol.
20:497-500; Paddison et al. (2002), Genes Dev. 16:948-958; Lee et al. (2002), Nat. Biotechnol.
20:500-505; and Paul et al. (2002), Nat. Biotechnol. 20:505-508.

In one embodiment, a plasmid expressing the miR-338-3p comprises a sequence
encoding a miR precursor RNA under the control of the excitatory neuron-specific promoter,

such as CamKIla. In another embodiment, a plasmid expressing the miR-338-3p comprises a
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sequence encoding a miRNA precursor RNA under the control of the CMV and/or B-actin
(ubiquitous) promoter. In yet another embodiment, a plasmid expressing the miR-338-3p
comprises a sequence encoding a miR precursor RNA under the control of a neuron specific
Synapsin promoter.

In the therapeutic methods of the invention, miR-338-3p, mimics and functional
derivatives thereof can be also administered directly. Such miR-338-3p, mimics and functional
derivatives can be chemically synthesized or recombinantly produced using methods known in
the art. In one embodiment, miRNA are chemically synthesized using appropriately protected
ribonucleoside phosphoramidites and a conventional DNA/RNA synthesizer. Commercial
suppliers of synthetic RNA molecules or synthesis reagents include, e.g., Proligo (Hamburg,
Germany), Dharmacon Research (Lafayette, Colo., U.S.A.), Pierce Chemical (part of Perbio
Science, Rockford, IIl., U.S.A.), Glen Research (Sterling, Va., U.S.A.), ChemGenes (Ashland,
Mass., U.S.A.) and Cruachem (Glasgow, UK).

In some embodiments, of the invention, a synthetic miRNA contains one or more design
elements. These design elements include, but are not limited to: (i) a replacement group for the
phosphate or hydroxyl of the nucleotide at the 5' terminus of the complementary region; (ii) one
or more sugar modifications. In certain embodiments, a synthetic miRNA has a nucleotide at its
5' end of the complementary region in which the phosphate and/or hydroxyl group has been
replaced with another chemical group (referred to as the "replacement design"). In some cases,
the phosphate group is replaced, while in others, the hydroxyl group has been replaced. In
particular embodiments, the replacement group is biotin, an amine group, a lower alkylamine
group, an acetyl group, 2'0O-Me (2'oxygen-methyl), DMTO (4,4'-dimethoxytrityl with oxygen),
fluorescein, a thiol, or acridine, though other replacement groups are well known to those of skill
in the art and can be used as well. In particular embodiments, the sugar modification is a 2'O-Me
modification. In further embodiments, there is one or more sugar modifications in the first or last
2 to 4 residues of the complementary region or the first or last 4 to 6 residues of the
complementary region. In a particular embodiment, miR-338-3p, mimics and functional
derivatives are made resistant to degradation by nucleases, e.g., by incorporating one or more

ribonucleotides that are modified at the 2'-position with fluoro, amino, alkyl, alkoxy, and O-allyl.
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Delivery of miR-338-3p, mimics and functional derivatives thereof can be enhanced by
complexing with liposome nanoparticles, exosomes, polyethyleneimine, or atelocollagen (Rooij
and Kauppinen, EMBO Mol Med., 2014, 6(7): 851-864).

Liposomes can increase the blood half-life of the nucleic acids. Liposomes suitable for
use in the invention can be formed from standard vesicle-forming lipids, which generally include
neutral or negatively charged phospholipids and a sterol, such as cholesterol. The selection of
lipids is generally guided by consideration of factors such as the desired liposome size and half-
life of the liposomes in the blood stream. A variety of methods are known for preparing
liposomes, for example, as described in Szoka et al. (1980), Ann. Rev. Biophys. Bioeng. 9:467;
and U.S. Pat. Nos. 4,235,871, 4,501,728, 4,837,028, and 5,019,369. The liposomes for use in the
present methods can comprise a ligand molecule that targets the liposome to thalamic neurons.
The liposomes for use in the present methods can also be modified so as to avoid clearance by
the mononuclear macrophage system ("MMS") and reticuloendothelial system ("RES"). Such
modified liposomes have opsonization-inhibition moieties on the surface or incorporated into the
liposome structure. In one embodiment, a liposome of the invention comprises both
opsonization-inhibition moieties and a ligand.

Opsonization-inhibiting moieties for use in preparing the liposomes of the invention are
typically large hydrophilic polymers that are bound to the liposome membrane. As used herein,
an opsonization inhibiting moiety is "bound" to a liposome membrane when it is chemically or
physically attached to the membrane, e.g., by the intercalation of a lipid-soluble anchor into the
membrane itself, or by binding directly to active groups of membrane lipids. These
opsonization-inhibiting hydrophilic polymers form a protective surface layer that significantly
decreases the uptake of the liposomes by the MMS and RES; e.g., as described in U.S. Pat. No.
4,920,016. Opsonization inhibiting moieties suitable for modifying liposomes are preferably
water-soluble polymers with a number-average molecular weight from about 500 to about
40,000 daltons, and more preferably {rom about 2,000 to about 20,000 daltons. Such polymers
include polyethylene glycol (PEG) or polypropylene glycol (PPG) derivatives; e.g., methoxy
PEG or PPG, and PEG or PPG stearate; synthetic polymers such as polyacrylamide or poly N-
vinyl pyrrolidone; linear, branched, or dendrimeric polyamidoamines; polyacrylic acids;
polyalcohols, e.g., polyvinylalcohol and polyxylitol to which carboxylic or amino groups are

chemically linked, as well as gangliosides, such as ganglioside GM1. Copolymers of PEG,
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methoxy PEG, or methoxy PPG, or derivatives thereof, are also suitable. In addition, the
opsonization inhibiting polymer can be a block copolymer of PEG and either a polyamino acid,
polysaccharide, polyamidoamine, polyethyleneamine, or polynucleotide. The opsonization
inhibiting polymers can also be natural polysaccharides containing amino acids or carboxylic
acids, e.g., galacturonic acid, glucuronic acid, mannuronic acid, hyaluronic acid, pectic acid,
neuraminic acid, alginic acid, carrageenan; animated polysaccharides or oligosaccharides (linear
or branched); or carboxylated polysaccharides or oligosaccharides, e.g., reacted with derivatives
of carbonic acids with resultant linking of carboxylic groups. Preferably, the opsonization-
inhibiting moiety is a PEG, PPG, or derivatives thereof, Liposomes modified with PEG or PEG-
derivatives are sometimes called "PEGylated liposomes".

The opsonization inhibiting moiety can be bound to the liposome membrane by any one
of numerous well known techniques. For example, an N-hydroxysuccinimide ester of PEG can
be bound to a phosphatidyl-ethanolamine lipid-soluble anchor, and then bound to a membrane.
Similarly, a dextran polymer can be derivatized with a stearylamine lipid-soluble anchor via
reductive animation using Na(CN)BH3 and a solvent mixture, such as tetrahydrofuran and water
in a 30:12 ratio at 60°C.

Liposomes modified with opsonization-inhibition moieties remain in the circulation
much longer than unmodified liposomes. For this reason, such liposomes are sometimes called
"stealth” liposomes. Stealth liposomes are known to accumulate in tissues fed by porous or
"leaky" microvasculature. Thus, tissue characterized by such microvasculature defects will
efficiently accumulate these liposomes; see Gabizon, et al. ( 1988), Proc. Natl. Acad. Sci., USA,
18:6949-53. In addition, the reduced uptake by the RES lowers the toxicity of stealth liposomes
by preventing significant accumulation of the liposomes in the liver and spleen.

In certain embodiments of the invention, the liposome may be complexed with a
hemagglutinating virus (HVJ). This has been shown to facilitate fusion with the cell membrane
and promote cell entry of liposome-encapsulated nucleic acids (Kaneda et al., 1989). In other
embodiments, the liposome may be complexed or employed in conjunction with nuclear non-
histone chromosomal proteins (HMG-I) (Kato et al.,, 1991). In yet further embodiments, the
liposome may be complexed or employed in conjunction with both HVJ and HMG-I. In that
such expression constructs have been successfully employed in transfer and expression of

nucleic acid in vitro and in vivo, then they are applicable for the present invention. Where a
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bacterial promoter is employed in fhe DNA construct, it also will be desirable to include within
the liposome an appropriate bacterial polymérase.

Exosomes are nano-sized vesicles (30-120 nm in size) produced by many cell types,
including dendritic cells (DC), B cells, T cells, mast cells, epithelial cells, and tumor cells. These
vesicles are formed by inward budding of late endosomes and are then released to the
extracellular environment upon fusion with the plasma membrane. Exosomes can be isolated
from cells (e.g., by centrifugation) and loaded with miRNA using, e.g., lipofectamine or
electroporation.

Other expression constructs which can be employed to deliver miR-338-3p or a mimic or
a functional derivative thereof into cells are receptor-mediated delivery vehicles. These take
advantage of the selective uptake of macromolecules by receptor-mediated endocytosis in almost
all eukaryotic cells. Because of the cell type-specific distribution of various receptors, the
delivery can be highly specific (Wu and Wu, 1993).

miR-338-3p or a mimic or a functional derivative thereof can be also administered in
combination with a cationic lipid. Examples of cationic lipids include, but are not limited to,
lipofectin, DOTMA, DOPE, and DOTAP. The publication of WO/0071096 describes different
formulations, such as a DOTAP:cholesterol or cholesterol derivative formulation that can
effectively be used for gene therapy. Other disclosures also discuss different lipid or liposomal
formulations including nanoparticles and methods of administration; these include, but are not
limited to, U.S. Patent Publication 20030203865, 20020150626, 20030032615, and
20040048787. Methods used for forming particles are also disclosed in U.S. Pat. Nos.
5,844,107, 5,877,302, 6,008,336, 6,077,835, 5,972,901, 6,200,801, and 5,972,900.

It is contemplated that when used to treat various diseases, the compositions and methods
of the present invention can be combined with other therapeutic agents suitable for the same or
similar diseases. Also, two or more embodiments of the invention may be also co-administered
to generate additive or synergistic effects. When co-administered with a second therapeutic
agent, the embodiment of the invention and the second therapeutic agent may be simultaneously
or sequentially (in any order). Suitable therapeutically effective dosages for each agent may be
lowered due to the additive action or synergy. As a non-limiting example, the invention can be
combined with other therapies that decrease the positive symptoms of schizophrenia, e.g.,

antipsychotics.
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Compositions and Methods of Administration

The invention provides that miR-338-3p or a mimic or a functional derivative thereof, or
a vector expressing said miR-338-3p or mimic or functional derivative thereof, or an agent
capable of increasing the level or activity of miR-338-3p can be administered to the subject to
replenish the endogenous miR-338-3p that is down-regulated in thalamic neurons of the subjects
suffering from schizophrenia and/or 22q11 DS. The invention further provides that the isolated
miR-338-3p or a mimic or a functional derivative thereof, or a vector expressing said miR-338-
3p or mimic or functional derivative thereof, or an agent capable of increasing the level or
activity of miR-338-3p can be used as pharmaceutical compositions and can be optionally
combined with other antipsychotics, therapeutic molecules and/or treatments. In certain
embodiments, miR-338-3p, or a mimic or a functional derivative thereof, or a vector expressing
said miR-338-3p or mimic or functional derivative thereof, or an agent capable of increasing the
level or activity of miR-338-3p, is used before, during, and after antipsychotics in combination
therapies for treating positive symptoms associated with schizophrenia and/or 22q11 DS. The
invention encompasses any now known or later developed antipsychotics for treating
schizophrenia and/or 22q11 DS.

miR-338-3p molecules or mimics or functional derivatives thereof can include one or
more modifications (e.g., to the base moiety, sugar moiety, phosphate moiety, phosphate-sugar
backbone, or a combination thereof). For example, the phosphodiester linkages may be modified
to include at least one heteroatom other than oxygen, such as nitrogen or sulfur. In this case, for
example, the phosphodiester linkage may be replaced by a phosphothioester linkage. Similarly,
bases may be modified to block the activity of adenosine deaminase. Other examples of useful
modifications are morpholino modifications and LNA. Where the miRNA molecule is produced
synthetically, or by in vitro transcription, a modified ribonucleoside may be introduced during
synthesis or transcription. Non-limiting examples of modified base moieties include inosine, 5-
fluorouracil, 5-bromouracil, 5-chlorouracil, 5-iodouracil, hypoxanthine, xantine, 4-
acetylcytosine, 5-(carboxyhydroxylmethyl) uracil, 5-carboxymethylaminomethyl-2-thiouridine,
5-carboxymethylaminomethyluracil, dihydrouracil, beta-D-galactosylqueosine, inosine, N6-
isopentenyladenine, 1-methylguanine, l-methylinosine, 2,2-dimethylguanine, 2-methyladenine,
2-methylguanine, 3-methylcytosine, 5-methylcytosine, Né6-adenine, 7-methylguanine, 5-

methylaminomethyluracil, 5-methoxyaminomethyl-2-thiouracil, beta-D-mannosylqueosine, 5-
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methoxycarboxymethyluracil, 5-methoxyuracil, 2-methylthio-N6-isopentenyladenine, uracil-5-
oxyacetic acid (v), pseudouracil, queosine, 2-thiocytosine, 5-methyl-2-thiouracil, 2-thiouracil, 4-
thiouracil, 5-methyluracil, uracil-5-oxyacetic acid methylester, uracil-5-oxyacetic acid (v), 5-
methyl-2-thiouracil, 3-(3-amino-3-N-2-carboxypropyl) uracil, (acp3)w, and 2,6-diaminopurine.
Non-limiting examples of modified sugar moieties include arabinose, 2-fluoroarabinose,
xylulose, and hexose. Modified miRNAs may contain substituted sugar moieties comprising one
of the following at the 2' position: OH, SH, SCH3, F, OCN, O(CH;),NH; or O(CH,),CH3 where
n is from 1 to about 10; C; to Cyo lower alkyl, substituted lower alkyl, alkaryl or aralkyl; Cl; Br;
CN; CF;; OCF;; O-; S-, or N-alkyl; O-, S-, or N-alkenyl; SOCH;; SO,CHj; ONO,; NO,; Na;
NHoa; heterocycloalkyl; heterocycloalkaryl; aminoalkylamino; polyalkylamino; substituted sialyl;
a fluorescein moiety; a reporter group; a group for improving the pharmacokinetic properties; or
a group for improving the pharmacodynamic properties, and other substituents having similar
properties. Modified miRNAs may also have sugar mimetics such as cyclobutyls or other
carbocyclics in place of the pentofuranosyl group. Non-limiting examples of modifications of
phosphate backbone include a phosphorothioate, a phosphorodithioate, a phosphoramidothioate,
a phosphoramidate, a phosphordiamidate, a methylphosphonate, a phosphotriester, an alkyl
phosphotriester, and a formacetal or analog thereof, as well as chimeras between
methylphosphonate and phosphodiester, short chain alkyl, or cycloalkyl intersugar linkages or
short chain heteroatomic or heterocyclic intersugar linkages. Specific non-limiting examples
include those with CH»-NH-O-CH,, CH,-N(CH3)-O-CH,, CH,-O-N(CH3)-CH,;, CH,-N(CH3)-
N(CHs;)-CH; and O-N(CHj3)-CH;-CH; backbones (where phosphodiester is O-PO,-O-CH;). U.S.
Patent No. 5,677,437 describes heteroaromatic oligonucleoside linkages. Nitrogen linkers or
groups containing nitrogen can also be used to prepare oligonucleotide mimics (U.S. Patents
Nos. 5,792,844 and 5,783,682). U.S. Patent No. 5,637,684 describes phosphoramidate and
phosphorothioamidate oligomeric compounds. Also envisioned are modified miRNA molecules
having morpholino backbone structures in which the bases are linked to 6-membered morpholine
rings, which are connected to other morpholine-linked bases via non-ionic phosphorodiamidate
intersubunit linkages. Morpholino miRNAs are highly resistant to nucleases and have good
targeting predictability (U.S. Patent No. 5,034,506; Summerton, Biochim. Biophys. Acta 1999;
1489:141-158; Summerton and Weller, Antisense Nucleic Acid Drug Dev. 1997; 7:187-195;
Arora et al., J. Pharmacol. Exp. Ther. 2000;292:921-928; Qin et al., Antisense Nucleic Acid
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Drug Dev. 2000; 10:11-16; Heasman et al., Dev. Biol. 2000; 222:124-134; Nasevicius and
Ekker, Nat. Genet. 2000; 26:216-220). Another type of a useful modification is the peptide-
nucleic acid (PNA) backbone: the phosphodiester backbone of the oligonucleotide may be
replaced with a polyamide backbone, the bases being bound directly or indirectly to the aza
nitrogen atoms of the polyamide backbone (Nielsen et al., Science 1991;254:1497). In other
embodiments, locked nucleic acids (LNA) can be used (reviewed in, e.g., Jepsen and Wengel,
Curr. Opin. Drug Discov. Devel. 2004; 7:188-194; Crinelli et al., Curr. Drug Targets 2004;
5:745-752). LNA are nucleic acid analog(s) with a 2'-O, 4'-C methylene bridge. This bridge
restricts the flexibility of the ribofuranose ring and locks the structure into a rigid C3-endo
conformation, conferring enhanced hybridization performance and exceptional biostability.

Modified miRNAs can include appending groups such as, e.g., peptides, or agents
facilitating transport across the cell membrane (see, e.g., Letsinger et al., Proc. Natl. Acad. Sci.
USA 1989; 86:6553-6556; Lemaitre et al., Proc. Natl. Acad. Sci. USA 1987; 84:648-652; PCT
Publication No. WO 88/09810) or blood-brain barrier (see, e.g., PCT Publication No. WO
89/10134), etc.

miR-338-3p or mimics or functional derivatives thereof used in the present invention can
be synthesized by standard methods known in the art, e.g., by use of an automated synthesizer.
Following chemical synthesis, miRNA molecules are deprotected and purified (e.g., by gel
electrophoresis or HPLC). Alternatively, standard procedures may used for in vitro transcription
of miRNA from DNA templates carrying RNA polymerase promoter sequences (e.g., T7 or SP6
RNA polymerase promoter sequences). See, e.g., Donzé and Picard, Nucleic Acids Res. 2002;
30:e46; and Yu er al., Proc. Natl. Acad. Sci. USA 2002; 99:6047-6052. miRNA molecules may
be also formed within a cell by transcription of RNA from an expression construct introduced
into the cell. The expression constructs for in vivo production of miRNA molecules comprise
miRNA encoding sequences operably linked to elements necessary for the proper transcription of
the miRNA encoding sequence(s), including promoter elements and transcription termination
signals. Preferred promoters for use in such expression constructs include the polymerase-II1I HI-
RNA promoter (see, e.g., Brummelkamp et al., supra) and the U6 polymerase-III promoter (see,
e.g., Sui et al., supra; Paul, et al. supra; and Yu et al., supra). The miRNA expression constructs

can further comprise vector sequences that facilitate the cloning of the expression constructs.
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Standard vectors that maybe used in practicing the current invention are known in the art (e.g.,
pSilencer 2.0-U6 vector, Ambion Inc., Austin, TX).

In some embodiments, miR-338-3p or a mimic or a functional derivative thereof, or a
vector expressing said miR-338-3p or mimic or functional derivative thereof, or an agent capable
of increasing the level or activity of miR-338-3p, is formulated into a suitable pharmaceutical
preparation such as, e.g., solution, suspension, tablet, dispersible tablet, pill, capsule, powder,
sustained release formulation or elixir, for oral administration; sterile solution or suspension for
parenteral administration; powdered or liquid spray, nose drops, a gel or ointment for intranasal
administration; powdered or liquid spray for administration by inhalation; films for sublingual
administration; patch for transdermal administration, etc. miR-338-3p or a mimic or a functional
derivative thereof, or a vector expressing said miR-338-3p or mimic or functional derivative
thereof, or an agent capable of increasing the level or activity of miR-338-3p, can be formulated
into pharmaceutical compositions using any of the techniques and procedures known in the art
(see, e.g., Ansel Introduction to Pharmaceutical Dosage Forms, Fourth Edition 1985, 126).

In the compositions, effective concentrations of miR-338-3p or a mimic or a functional
derivative thereof, or a vector expressing said miR-338-3p or mimic or functional derivative
thereof, or an agent capable of increasing the level or activity of miR-338-3p is (are) mixed with
a suitable pharmaceutical carrier or vehicle.

Pharmaceutically acceptable derivatives include acids, bases, enol ethers and esters, salts,
esters, hydrates, solvates and prodrug forms. A suitable derivative is selected such that its
pharmacokinetic properties are superior with respect to at least one characteristic to the
corresponding parent agent. The miR-338-3p, or its mimics, may be derivatized prior to
formulation.

In one embodiment of the invention, miR-338-3p or a mimic or a functional derivative
thereof, or a vector expressing said miR-338-3p or mimic or functional derivative thereof, or an
agent capable of increasing the level or activity of miR-338-3p is administered intranasally.
Compositions for intranasal administration can comprise one or more nasal delivery-enhancing
agents. As used herein, “nasal delivery-enhancing agents” include agents which enhance the
release or solubility (e.g., from a formulation delivery vehicle), diffusion rate, penetration
capacity and timing, uptake, residence time, stability, effective half-life, peak or sustained

concentration levels, clearance and other desired nasal delivery characteristics (e.g., as measured
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at the site of delivery, or at a selected target site of activity such as the brain) of miR-338-3p or a
mimic or a functional derivative thereof, or a vector expressing said miR-338-3p or mimic or
functional derivative thereof, or an agent capable of increasing the level or activity of miR-338-
3p. Enhancement of mucosal delivery can thus occur by any of a variety of mechanisms, for
example by increasing the diffusion, transport, persistence or stability of miR-338-3p or a mimic
or a functional derivative thereof, or a vector expressing said miR-338-3p or mimic or functional
derivative thereof, or an agent capable of increasing the level or activity of miR-338-3p, enzyme
inhibition, increasing membrane fluidity, modulating the availability or action of calcium and
other ions that regulate intracellular or paracellular permeation, solubilizing mucosal membrane
components (e.g., lipids), changing non-protein and protein sulfhydryl levels in mucosal tissues,
increasing water flux across the mucosal surface, modulating epithelial junctional physiology,
reducing the viscosity of mucus overlying the mucosal epithelium, reducing mucociliary
clearance rates, increasing nasal blood flow and other mechanisms. Suitable mucosal delivery
enhancing agents will be clear to a person skilled in the art of pharmacology and arc further
described hereafter.

The pharmaceutical compositions of the present invention can be administered
intranasally as a powdered or liquid spray, nose drops, a gel or ointment, through a tube or
catheter, by syringe, packtail, pledget or by submucosal infusion. The compositions for
intranasal administration can be simple aqueous (e.g., saline) solutions. Alternatively, they can
contain various additional ingredients which enhance stability and/or nasal delivery of miR-338-
3p or a mimic or a functional derivative thereof, or a vector expressing said miR-338-3p or
mimic or functional derivative thereof, or an agent capable of increasing the level or activity of
miR-338-3p. Such additional ingredients are well known in the art. Non-limiting examples of
useful additional ingredients for enhancing nasal delivery include, e.g., (a) aggregation inhibitory
agents (e.g., polyethylene glycol, dextran, diethylaminoethyl dextran, and carboxy methyl
cellulose), (b) charge modifying agents, (¢) pH control agents, (d) degradative enzyme inhibitors
(e.g., amastatin and bestatin [see, e.g., O'Hagan et al., Pharm. Res. 1990, 7: 772-776 and WO
05/120551]; pegylation with PEG molecules, preferably low molecular weight PEG molecules
[e.g. 2 kDa; Lee et al., Calcif Tissue Int. 2003, 73 : 545-549]); (c) mucolytic or mucus clearing
agents (e.g., n-acetyl-cysteine, propylgallate and cysteine methionine dimmers, chaotropes [see,

e.g., WO 04/093917]), (f) ciliostatic agents; (g) membrane penetration-enhancing agents, (h)
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modulatory agents of epithelial junction physiology, such as nitric oxide (NO) stimulators,
chitosan, and chitosan derivatives; (i) vasodilator agents, (j) selective transport-enhancing agents,
and (k) stabilizing delivery vehicles, carriers, supports or complex-forming agents. See, e.g., EP
037943, EP 094157, EP 173990, EP 214898, EP 215697, EP 327756, EP 490806, U.S. Pat. No.
4,476,116, U.S. Pat. No. 5,759,565, WO 04/093917 and WO 05/120551.

The activity or physical stability of miR-338-3p or a mimic or a functional derivative
thereof, or a vector expressing said miR-338-3p or mimic or functional derivative thereof, or an
agent capable of increasing the level or activity of miR-338-3p in aqueous solutions or
lyophilized preparations can be enhanced by various additives such as, e.g., polyols (including
sugars [e.g., sucrose and Ficoll 70]), amino acids, and various salts. For example, miR-338-3p or
a mimic or a functional derivative thereof microparticles can be prepared by simply lyophilizing
or spray drying a solution containing various stabilizing additives described above. A wide non-
limiting range of suitable methods and anti-aggregation agents are available for incorporation
within the compositions of the invention such as disclosed in WO 05/120551, Breslow et al. (J.
Am, Chem. Soc. 1 996; 118: 1 1678- 11681), Breslow et al. (PNAS USA 1997; 94: 11156-
11158), Breslow et al. (Tetrahedron Lett. 1 998; 2887-2890), Zutsh i et al. (Curr. Opin. Chem.
Biol. 1998; 2: 62-66). Daugherty et al . (J. Am. Chem. Soc. 1999; 121: 4325-4333), Zutshi et al.
(J. Am. Chem. Soc. 1997; 119: 484 -4845), Ghosh et al. (Chem. Biol. 1997; 5: 439-445),
Hamuro et al . (Angew. Chem. Int. Fd. Fngl. 1997; 36: 2680-2683), Alberg et al., Science 1993;
262: 248-250), Tauton et al. (J. Am. Chem. Soc. 1996; 1 1 8: 10412- 10422), Park et al. (J. Am.
Chem. Soc. 1999; 1 2 1 : 8- 1 3), Prasanna ct al. (Biochemistry 1998; 37:6883-6893), Tiley et al.
(J. Am. Chem. Soc. 1997; 119: 7589-7590), Judice et al. (PNAS USA 1997; 94: 13426- 13430),
Fan ¢t al. (J. Am. Chem. Soc. 1998; 120: 8893-8894), Gamboni et al. (Biochemistry 1998; 37:
12189- 12194).

Non-limiting examples of membrane penetration-enhancing agents useful in the
intranasal compositions of the invention include, e.g., (i) a surfactant (e.g., Tween 80, Poloxamer
1 88, polysorbates; see also EP 490806, U.S. Pat. No. 5,759,565, and WO 04/093917), (ii) a bile
salt or bile salt derivative (e.g., unsaturated cyclic ureas and Transcutol). (iii) a phospholipid or
fatty acid additive, mixed micelle, liposome, or carrier, (iv) an alcohol, (v) an enamine, (vi) a
nitric oxide donor compound (e.g., S-nitroso-N-acetyl-DF-penicillamine, NOR 1 , NOR4, which

are preferably co-administered with an NO scavenger such as carboxy-PITO or doclofenac
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sodium), (vii) a long-chain amphipathic molecule (e.g., dcacylmethy! sulfoxide, azone, sodium
lauryl sulfate, oleic acid) (viii) a small hydrophobic penetration enhancer, (ix) sodium salicylate
or a salicylic acid derivative (e.g., acetyl salicylate, chol ine salicylate, salicylamide, etc.), (x) a
glycerol ester of acetoacetic acid, (xi) a cyclodextrin or beta-cyclodextrin derivative, (xii) a
medium-chain fatty acid including mono- and diglycerides (e.g., sodium caprate - extracts of
coconut oil, Capmul), (xiii) a chelating agent (e.g., citric acid, salicylates), (xiv) an amino acid or
salt thereof (e.g. monoaminocarboxlic acids such as glycine, alanine, phenylalanine, prol ine,
hydroxyproline, etc.; hydroxyamino acids such as serine; acidic amino acids such as aspartic
acid, glutamic acid, etc; and basic amino acids such as lysine etc., inclusive of their alkali metal
or alkaline earth metal salts), (xv) an N-acctylamino acid or salt (thereof, (xvi) an enzyme
degradative to a selected membrane component, (xvii) an inhibitor of fatty acid synthesis, (xviii)
an inhibitor of cholesterol synthesis, (xix) cationic polymers, or any combination thereof. The
membrane penetration-enhancing agent can be also selected from small hydrophilic molecules,
including but not limited to, dimethyl sulfoxide (DMSO), dimethylformamide, ethanol,
propylene glycol, and the 2-pyrrolidones. Additional membrane penetration enhancers include
emulsifiers (e.g. sodium oleyl phosphate, sodium lauryl phosphate, sodium laury! sulfate, sodium
myristyl sulfate, polyoxyethylene alkyl ethers, polyoxyethylencalkyl esters, etc.), caproic acid,
lactic acid, malic acid and citric acid and alkali metal salts thereof, pyrrolidonecarboxylic acids,
alkylpyrrolidonecarboxylic acid esters, N-alkylpyrrolidones, proline acyl esters, and the like;
mixed micelles; glycerol esters of acetoacetic acid (e.g., glyceryl-1,3-diacetoacetate or 1,2-
isopropylideneglycerine-3-acetoacetate) and triglycerides (e.g., amylodextrin, Estaram 299,
Miglyol 810); cyclodextrins and (3-cyclodextrin derivatives (e.g., 2-hydroxypropyl-p-
cyclodextrin and heptakis (2,6-di-0-methyl-[3-cyclodextrin) which can be optionally formulated
in an oleaginous base; and N-acetylamino acids (N-acetylalaninc, N-acetylphenylalaninc, N-
acetylserine, N-acetylglycine, N-acetyllysine, N-acetylglutamic acid, N-acetylproline, N-
acetylhydroxyproline, etc.) and their salts (alkali metal salts and alkaline earth metal salts), as
well as other penetration-promoting agents that are physiologically compatible for intranasal
delivery. See, e.g., W004/093917, WO05/120551 and Davis and Ilium (Clin. Pharmacokinet.
2003, 42: 1107- 1128).
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Non-limiting examples of useful absorption enhancers include, e.g.,, surfactants,
glycosides, cyclodextrin and glycols. Non-limiting examples of useful bioadhesive agents
include, e.g., carbopol, cellulose agents, starch, dextran, and chitosan.

In various embodiments of the invention, miR-338-3p or a mimic or a functional
derivative thereof, or a vector expressing said miR-338-3p or mimic or functional derivative
thereof, or an agent capable of increasing the level or activity of miR-338-3p is combined with
one or more of the nasal delivery-enhancing agents recited above. These nasal delivery-
enhancing agents may be admixed, alone or together, with the nasal carrier and with miR-338-3p
or a mimic or a functional derivative thereof, or a vector expressing said miR-338-3p or mimic
or functional derivative thereof, or an agent capable of increasing the level or activity of miR-
338-3p, or otherwise combined therewith in a pharmaceutically acceptable formulation or
delivery vehicle. For nasal delivery-enhancing agents to be of value within the invention, it is
generally desired that any significant changes in permeability of the mucosa be reversible within
a time frame appropriate to the desired duration of drug delivery. Furthermore, there should be
no substantial, cumulative toxicity, nor any permanent deleterious changes induced in the barrier
properties of the nasal mucosa with long term use.

The useful delivery volume of the intranasal pharmaceutical compositions of the
invention is limited by the size of the nasal cavity. Suitable delivery volumes will be clear to a
person skilled in the art of pharmacology. Preferably, the total composition quantity
administered at each nasal appl ication comprises from about 0.02 to 0.5 ml, preferably about
0.07 to 0.3 ml, typically about 0.09-0.1 ml. A solid composition may comprise from 1 to 30 mg
carrier per dosage, more particularly 4 to 20 mg.

The liquid compositions of the invention may be prepared by bringing into intimate
admixture miR-338-3p or a mimic or a functional derivative thereof, or a vector expressing said
miR-338-3p or mimic or functional derivative thereof, or an agent capable of increasing the level
or activity of miR-338-3p in the liquid carrier optionally together with the further ingredients,
additives and/or agents. Preferably the resulting mixture is then lyophilized and dissolved in
water or aqueous saline for use in a liquid form according to the invention. The solid nasal
composition of the invention may be prepared in conventional manner. miR-338-3p or a mimic
or a functional derivative thereof, or a vector expressing said miR-338-3p or mimic or functional

derivative thereof, or an agent capable of increasing the level or activity of miR-338-3p may be
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admixed with the carrier particles, e.g., a polymer base or cellulose product in conventional
manner, optionally with further ingredients, additives and/or agents as indicated above e.g. a
mucosal delivery enhancing agent or surfactant such as disclosed. miR-338-3p or a mimic or a
functional derivative thereof, or a vector expressing said miR-338-3p or mimic or functional
derivative thereof, or an agent capable of increasing the level or activity of miR-338-3p may be
in solution, e.g., an aqueous or alcoholic solution when being mixed with the carrier particles and
the solvent evaporated, e.g., under freeze-drying or spray drying. Such drying may be effected
under the conventional conditions. Alternatively, the mixture may be compacted or granulated
and then be pulverized and/or sieved. If desired the particles may be coated. According to a
preferred embodiment of the invention, the nasal composition is prepared by lyophilisation. A
homogeneous solution, preferably aqueous, containing miR-338-3p or a mimic or a functional
derivative thereof, or a vector expressing said miR-338-3p or mimic or functional derivative
thereof, or an agent capable of increasing the level or activity of miR-338-3p and optionally
containing further ingredients, additives and/or agents as discussed above, is prepared and then
submitted to lyophilisation in analogy with known lyophilisation procedures, and to subsequent
drying. The resulting powder may then be dissolved in a liquid excipient or nasal carrier before
administration, e.g., to reconstitute nasal drops, gel or spray. Alternatively it may be
administered as such in the form of lyophilized powder or it may be mixed with further
ingredients, additives and/or agents as discussed above. For example, a lyophilized powder
comprising miR-338-3p or a mimic or a functional derivative thereof, or a vector expressing said
miR-338-3p or mimic or functional derivative thereof, or an agent capable of increasing the level
or activity of miR-338-3p but free of any nasal carrier may be prepared and then admixed with
the desired nasal carrier or mixture of nasal carriers.

The present invention encompasses any delivery device that is suitable for nasal
administration of the compositions of the invention. Preferably, such means administers a
metered dosage of the composition. The composition of the present invention may be packed in
any appropriate form or container as long as a means is provided to deliver the composition to
the nasal mucosa. Non-limiting examples of useful intranasal delivery devices include, e.g.,
instillation catheters, droppers, unit-dose containers, squeeze bottles pump sprays, airless and

preservative-free sprays, compressed air nebulizers, metered-disc inhalers, insufflators and

pressurized metered dose inhalers.
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For administration of a liquid in drop form, compositions of the invention can be placed
in a container provided with a conventional dropper/closure device, e.g., comprising a pipette or
the like, preferably delivering a substantially fixed volume of composition/drop.

For administration of an aqueous solution as a nasal spray, the aqueous solution may be
dispensed in spray form by a variety of methods known to those skilled in the art. For example,
such compositions will be put up in an appropriate atomising device, e.g. in a pump-atomiser, or
the like. The atomising device will be provided with appropriate means, such as a spray adaptor
for delivery of the aqueous spray to the naris. Preferably it will be provided with means ensuring
delivery of a substantially fixed volume of composition/actuation (i.e. per spray-unit). Examples
of nasal sprays include nasal actuators produced by Ing. Krich Pfciffer GmbH, Radolfzell,
Germany (see U .S. Pat. No. 4,511,069, U .S. Pat. No. 4,778,810, U .S. Pat. No. 5,203,840, U .S.
Pat. No. 5,860,567, U.S. Pat. No. 5,893,484, U.S. Pat. No. 6.227,415, and U.S. Pat. No.
6,364,166. Additional aerosol delivery forms may include, e.g. compressed air-, jet-, ultrasonic-,
and piezoelectric nebulizers.

Alternatively the spray may be bottled under pressure in an aerosol device. The
propellant may be a gas or a liquid (e.g. a fluorinated and/or chlorinated hydrocarbon). The
spray composition may be suspended or dissolved in a liquid propellant. Stabilizing and/or
suspending agents and/or co-solvents may be present.

A dry powder may be readily dispersed in an inhalation device as described in U.S. Pat.
No. 6,514,496 and Garcia-Arieta et al., Biol. Pharm. Bull. 2001; 24: 1411-1416.

If desired a powder or liquid may be filled into a soft or hard capsule or in a single dose
device adapted for nasal administration. The powder may be sieved before filled into the
capsules such as gelatine capsules. The delivery device may have means to break open the
capsule. The powdery nasal composition can be directly used as a powder for a unit dosage form.
The contents of the capsule or single dose device may be administered using e.g. an insufflator.
Preferably it will be provided with means ensuring dosing of a substantially fixed amount of
composition.

Delivery devices are important not only for delivering miR-338-3p or a mimic or a
functional derivative thereof, or a vector expressing said miR-338-3p or mimic or functional
derivative thereof, or an agent capable of increasing the level or activity of miR-338-3p, but also

for providing an appropriate environment for storage. This would include protection from
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microbial contamination and chemical degradation. The device and formulation should be
compatible so as to avoid potential leaching or adsorption.

The delivery device (or its packaging) can be optionally provided with a label and/or with
instructions for use indicating that the composition should be used intranasally.

In another embodiment, the composition of the invention can be provided as a nasal
insert having miR-338-3p or a mimic or a functional derivative thereof, or a vector expressing
said miR-338-3p or mimic or functional derivative thereof, or an agent capable of increasing the
level or activity of miR-338-3p dispersed therein. The insert may be retained in the naris, but
flushed by the nasal mucus, and may be designed to release miR-338-3p or a mimic or a
functional derivative thereof, or a vector expressing said miR-338-3p or mimic or functional
derivative thereof, or an agent capable of increasing the level or activity of miR-338-3p at the
same place in the naris. Suitable nasal insert types include nasal plugs, tampons and the like,
further examples of nasal inserts, their characteristics and preparation are described in HP
490806.

The compounds and compositions of the invention may further comprise agents, which
facilitate delivery across the blood brain barrier (BBB). Non-limiting examples of such useful
agents include, e.g., an implantable reservoir (Omaya reservoir), polysialation, functionalized
nanocarriers (e.g., nanoparticles coated with transferrin or transferrin receptor [TR] antibodies),
exosomes, liposomes (e.g., liposomes coated with targeting molecules such as antibodies, Trojan
Horses Liposomes [THL]), antibodies (e.g., antibodies against transferrin receptor [TR] or
insulin receptor [HIR], BBB transmigrating Llama single domain antibodies (sdAb)), chimeric
peptides (e.g., Angiopeps derived from proteins expressing the Kunitz domain), low-density
lipoprotein receptor related proteins 1 and 2 (LRP-1 and 2), diphtheria toxin receptor (DTR),
mesenchyme stem cells, receptor-associated protein, apolipoprotein E, melanotransferrin/p97,
ete.

In one embodiment, in order to enhance brain delivery of miR-338-3p or a mimic or a
functional derivative thereof, or a vector expressing said miR-338-3p or mimic or functional
derivative thereof, or an agent capable of increasing the level or activity of miR-338-3p, the
patient is treated in a manner so as to increase the selective permeability of the blood-brain
barrier (BBB). Treatments to selectively increase the permeability of the BBB in a patient

include, but are not limited to, the administration of about 1 to about 1000 pg/kg body weight,
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preferably about 10 to about 100 pg/kg body weight, of IGF-I (e.g., as a bolus injection to a
patient about 0.5 to 10 hours, preferably about 1 hour, before the inhibitor administration).

The amount of miR-338-3p or a mimic or a functional derivative thereof, or a vector
expressing said miR-338-3p or mimic or functional derivative thereof, or an agent capable of
increasing the level or activity of miR-338-3p, administered and the regimen of administration
depends on absorption, inactivation and excretion rates of the active agent, the physicochemical
characteristics of the agent, the severity of the condition to be alleviated, the age, condition, body
weight, sex and diet of the patient, the disease state, other medications administered, and other
factors known to those of skill in the art. An effective amount to treat the disease would broadly
range (e.g., between about 0.001 mg and about 2000 mg per kg body weight of the recipient per
day), and may be administered as a single dose or divided doses.

It is to be further understood that for any particular subject, specific dosage regimens
should be adjusted over time according to the individual need and the professional judgment of
the person administering or supervising the administration of the compositions.

The compositions of the invention are intended to be administered by a suitable route,
including by way of example and without limitation orally, parenterally (e.g., intravenously,
subcutaneously, intramuscularly), intranasally, by inhalation, sublingually, and topically. miR-
338-3p or a mimic or a functional derivative thereof, or a vector expressing said miR-338-3p or
mimic or functional derivative thereof, or an agent capable of increasing the level or activity of
miR-338-3p, can be administered to a subject by any suitable enteral or parenteral administration
route. Suitable enteral administration routes for the present methods include, e.g., oral, rectal, or
intranasal delivery. Suitable parenteral administration routes include, e.g., intravascular
administration (e.g., intravenous bolus injection, intravenous infusion, intra-arterial bolus
injection, intra-arterial infusion and catheter instillation into the vasculature); peri- and intra-
tissue injection; subcutaneous injection or deposition, including subcutaneous infusion (such as
by osmotic pumps); direct application to the tissue of interest, for example by a catheter or other
placement device (e.g., a retinal pellet or a suppository or an implant comprising a porous, non-
porous, or gelatinous material); and inhalation. Particularly suitable administration routes are
injection, infusion and direct injection into the brain and/or within thalamic neurons), and/or via

viral vector (e.g., AAV and/or lentiviral vector) mediated delivery.
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The compositions are in liquid, semi-liquid or solid form and are formulated in a manner
suitable for each route of administration.

Solutions or suspensions can include any of the following components, in any
combination: a sterile diluent, including by way of example without limitation, water for
injection, saline solution, fixed oil, polyethylene glycol, glycerine, propylene glycol or other
synthetic solvent; antimicrobial agents, such as benzyl alcohol and methyl parabens;
antioxidants, such as ascorbic acid and sodium bisulfite; chelating agents, such as
ethylenediaminetetraacetic acid (EDTA); buffers, such as acetates, citrates and phosphates; and
agents for the adjustment of tonicity such as sodium chloride or dextrose.

In instances in which the agents exhibit insufficient solubility, methods.for solubilizing
agents may be used. Such methods are known to those of skill in this art, and include, but are not
limited to, using co-solvents, such as, e.g., dimethylsulfoxide (DMSO), using surfactants, such as
TWEEN®80, or dissolution in aqueous sodium bicarbonate. Pharmaceutically acceptable
derivatives of the agents may also be used in formulating effective pharmaceutical compositions.

The composition can contain along with the active agent, for example and without
limitation: a diluent such as lactose, sucrose, dicalcium phosphate, or carboxymethylcellulose; a
lubricant, such as magnesium stearate, calcium stearate and talc; and a binder such as starch,
natural gums, such as gum acacia gelatin, glucose, molasses, polyvinylpyrrolidone, celluloses
and derivatives thereof, povidone, crospovidones and other such binders known to those of skill
in the art. Liquid pharmaceutically administrable compositions can, for example, be prepared by
dissolving, dispersing, or otherwise mixing an active agent as defined above and optional
pharmaceutical adjuvants in a carrier, such as, by way of example and without limitation, water,
saline, aqueous dextrose, glycerol, glycols, ethanol, and the like, to thereby form a solution or
suspension. If desired, the pharmaceutical composition to be administered may also contain
minor amounts of nontoxic auxiliary substances such as wetting agents, emulsifying agents, or
solubilizing agents, pH buffering agents and the like, such as, by way of example and without
limitation, acetate, sodium citrate, cyclodextrin derivatives, sorbitan monolaurate,
triethanolamine sodium acetate, triethanolamine oleate, and other such agents. Actual methods of
preparing such dosage -forms are known, or will be apparent, to those skilled in this art (e.g.,

Remington's Pharmaceutical Sciences, Mack Publishing Company, Easton, Pa., 15th Edition,
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1975). The composition or formulation to be administered will, in any event, contain a quantity
of the active agent in an amount sufficient to alleviate the symptoms of the treated subject.

The active agents or pharmaceutically acceptable derivatives may be prepared with
carriers that protect the agent against rapid elimination from the body, such as time release
formulations or coatings. The compositions may include other active agents to obtain desired
combinations of properties.

Oral pharmaceutical dosage forms include, by way of example and without limitation,
solid, gel and liquid. Solid dosage forms include tablets, capsules, granules, and bulk powders.
Oral tablets include compressed, chewable lozenges and tablets which may be enteric-coated,
sugar-coated or film-coated. Capsules may be hard or soft gelatin capsules, while granules and
powders may be provided in non-effervescent or effervescent form with the combination of other
ingredients known to those skilled in the art.

In certain embodiments, the formulations are solid dosage forms, such as capsules or
tablets. The tablets, pills, capsules, troches and the like can contain any of the following
ingredients, or agents of a similar nature: a binder; a diluent; a disintegrating agent; a lubricant; a
glidant; a sweetening agent; and a flavoring agent.

Examples of binders include, by way of example and without limitation, microcrystalline
cellulose, gum tragacanth, glucose solution, acacia mucilage, gelatin solution, sucrose, and starch
paste. Lubricants include, by way of example and without limitation, talc, starch, magnesium or
calcium stearate, lycopodium and stearic acid. Diluents include, by way of example and without
limitation, lactose, sucrose, starch, kaolin, salt, mannitol, and dicalcium phosphate. Glidants
include, by way of example and without limitation, colloidal silicon dioxide. Disintegrating
agents include, by way of cxample and without limitation, crosscarmellose sodium, sodium
starch glycolate, alginic acid, corn starch, potato starch, bentonite, methylcellulose, agar and
carboxymethylcellulose. Coloring agents include, by way of example and without limitation, any
of the approved certified water soluble FD and C dyes, mixtures thereof; and water insoluble FD
and C dyes suspended on alumina hydrate. Sweetening agents include, by way of example and
without limitation, sucrose, lactose, mannitol and artificial sweetening agents such as saccharin,
and any number of spray dried flavors. Flavoring agents include, by way of example and without
limitation, natural flavors extracted from plants such as fruits and synthetic blends of agents

which produce a pleasant sensation, such as, but not limited to peppermint and methyl salicylate.
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Wetting agents include, by way of example and without limitation, propylene glycol
monostearate, sorbitan monooleate, diethylene glycol monolaurate, and polyoxyethylene laural
ether. Emetic-coatings include, by way of example and without limitation, fatty acids, fats,
waxes, shellac, ammoniated shellac and cellulose acetate phthalates. Film coatings include, by
way of example and without limitation, hydroxyethylcellulose, sodium carboxymethylcellulose,
polyethylene glycol 4000 and cellulose acetate phthalate.

If oral administration is desired, the agent could be provided in a composition that
protects it from the acidic environment of the stomach. For example, the composition can be
formulated in an enteric coating that maintains its integrity in the stomach and releases the active
agent in the intestine. The composition may also be formulated in combination with an antacid or
other such ingredient.

When the dosage unit form is a capsule, it can contain, in addition to material of the
above type, a liquid carrier such as fatty oil. In addition, dosage unit forms can contain various
other materials which modify the physical form of the dosage unit, for example, coatings of
sugar and other enteric agents. The agents can also be administered as a component of an elixir,
suspension, syrup, wafer, sprinkle, chewing gum or the like. A syrup may contain, in addition to
the active agents, sucrose as a sweetening agent and certain preservatives, dyes and colorings and
flavors. The active materials can also be mixed with other active materials which do not impair
the desired action, or with materials that supplement the desired action, such as antacids, H2
blockers, and diuretics.

Pharmaceutically acceptable carriers included in tablets are binders, lubricants, diluents,
disintegrating agents, coloring agents, flavoring agents, and wetting agents. Enteric-coated
tablets, because of the enteric-coating, resist the action of stomach acid and dissolve or
disintegrate in the neutral or alkaline intestines. Sugar-coated tablets are compressed tablets to
which different layers of pharmaceutically acceptable substances are applied. Film-coated tablets
are compressed tablets which have been coated with a polymer or other suitable coating.
Multiple compressed tablets are compressed tablets made by more than one compression cycle
utilizing the pharmaceutically acceptable substances previously mentioned. Coloring agents may
also be used in the above dosage forms. Flavoring and sweetening agents are used in compressed
tablets, sugar-coated, multiple compressed and chewable tablets. Flavoring and sweetening

agents are useful in the formation of chewable tablets and lozenges.
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Liquid oral dosage forms include aqueous solutions, emulsions, suspensions, solutions
and/or suspensions reconstituted from non-effervescent granules and effervescent preparations
reconstituted from effervescent granules. Aqueous solutions include, for example, elixirs and
syrups. Emulsions are either oil-in-water or water-in-oil.

Elixirs are clear, sweetened, hydroalcoholic preparations. Pharmaceutically acceptable
carriers used in elixirs include solvents. Syrups are concentrated aqueous solutions of a sugar, for
example, sucrose, and may contain a preservative. An emulsion is a two-phase system in which
one liquid is dispersed in the form of small globules throughout another liquid. Pharmaceutically
acceptable carriers used in emulsions are non-aqueous liquids, emulsifying agents and
preservatives. Suspensions use pharmaceutically acceptable suspending agents and preservatives.
Pharmaceutically acceptable substances used in non-effervescent granules, to be reconstituted
into a liquid oral dosage form, include diluents, sweeteners and wetting agents. Pharmaceutically
acceptable substances used in effervescent granules, to be reconstituted into a liquid oral dosage
form, include organic acids and a source of carbon dioxide. Coloring and flavoring agents may
be used in any of the above dosage forms.

Solvents include, by way of example and without limitation, glycerin, sorbitol, ethyl
alcohol and syrup. Examples of preservatives include, without limitation, glycerin, methyl and
propylparaben, benzoic acid, sodium benzoate and alcohol. Non-aqueous liquids utilized in
emulsions include, by way of example and without limitation, mineral oil and cottonseed oil.
Emulsifying agents include, by way of example and without limitation, gelatin, acacia,
tragacanth, bentonite, and surfactants such as polyoxyethylene sorbitan monooleate. Suspending
agents include, by way of example and without limitation, sodium carboxymethylcellulose,
pectin, tragacanth, Veegum and acacia. Diluents include, by way of example and without
limitation, lactose and sucrose. Sweetening agents include, by way of example and without
limitation, sucrose, syrups, glycerin and artificial sweetening agents such as saccharin. Wetting
agents include, by way of example and without limitation, propylene glycol monostearate,
sorbitan monooleate, diethylene glycol monolaurate, and polyoxyethylene lauryl ether. Organic
acids include, by way of example and without limitation, citric and tartaric acid. Sources of
carbon dioxide include, by way of example and without limitation, sodium bicarbonate and
sodium carbonate. Coloring agents include, by way of example and without limitation, any of the

approved certified water soluble FD and C dyes, and mixtures thereof. Flavoring agents include,
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by way of example and without limitation, natural flavors extracted from plants such fruits, and
synthetic blends of agents which produce a pleasant taste sensation.

For a solid dosage form, the solution or suspension, in for example propylene carbonate,
vegetable oils or triglycerides, is encapsulated in a gelatin capsule. Such solutions, and the
preparation and encapsulation thereof, are disclosed in US 4,328,245, US 4,409,239, and US
4,410,545. For a liquid dosage form, the solution (e.g., in a polyethylene glycol) may be diluted
with a sufficient quantity of a pharmaceutically acceptable liquid carrier (e.g., water) to be easily
measured for administration.

Alternatively, liquid or semi-solid oral formulations may be prepared by dissolving or
dispersing the active agent or salt in vegetable oils, glycols, triglycerides, propylene glycol esters
(e.g., propylene carbonate) and other such carriers, and encapsulating these solutions or
suspensions in hard or soft gelatin capsule shells. Other useful formulations include those set
forth in US RE28819 and US 4,358,603. Briefly, such formulations include, but are not limited
to, those containing an agent provided herein, a dialkylated mono- or poly-alkylene glycol,
including, but not limited to, 1,2-dimethoxymethane, diglyme, triglyme, tetraglyme,
polyethylene glycol-350-dimethyl] ether, polyethylene glycol-550-dimethyl ether, polyethylene
glycol-750-dimethyl ether wherein 350, 550 and 750 refer to the approximate average molecular
weight of the polyethylene glycol, and one or more antioxidants, such as butylated
hydroxytoluene (BHT), butylated hydroxyanisole (BHA), propyl gallate, vitamin E,
hydroquinone, hydroxycoumarins, ethanolamine, lecithin, cephalin, ascorbic acid, malic acid,
sorbitol, phosphoric acid, thiodipropionic acid and its esters, and dithiocarbamates.

Other formulations include, but are not limited to, aqueous alcoholic solutions including a
pharmaceutically acceptable acctal. Alcohols used in these formulations are any
pharmaceutically acceptable water-miscible solvents having one or more hydroxyl groups,
including, but not limited to, propylene glycol and ethanol. Acetals include, but are not limited
to, di(lower alkyl) acetals of lower alkyl aldehydes such as acetaldehyde diethyl acetal.

Tablets and capsules formulations may be coated as known by those of skill in the art in
order to modify or sustain dissolution of the active ingredient. Thus, for example and without
limitation, they may be coated with a conventional enterically digestible coating, such as

phenylsalicylate, waxes and cellulose acetate phthalate.
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Parenteral administration generally characterized by injection, either subcutaneously,
intramuscularly or intravenously, is also contemplated herein. Injectables can be prepared in
conventional forms, either as liquid solutions or suspensions, solid forms suitable for solution or
suspension in liquid prior to injection, or as emulsions. Suitable excipients include, by way of
example and without limitation, water, saline, dextrose, glycerol or ethanol. In addition, if
desired, the pharmaceutical compositions to be administered may also contain minor amounts of
non-toxic auxiliary substances such as wetting or emulsifying agents, pH buffering agents,
stabilizers, solubility enhancers, and other such agents, such as, for example, sodium acetate,
sorbitan monolaurate, triethanolamine oleate and cyclodextrins.

Implantation of a slow-release or sustained-release system, such that a constant level of
dosage is maintained (e.g., US 3,710,795) is also contemplated herein. Briefly, an inhibitor of
Nt5e or AIR is dispersed in a solid inner matrix (e.g., polymethylmethacrylate,
polybutylmethacrylate, plasticized or unplasticized polyvinylchloride, plasticized nylon,
plasticized  polyethyleneterephthalate, natural rubber, polyisoprene, polyisobutylene,
polybutadiene,  polyethylene,  ethylene-vinylacetate  copolymers, silicone  rubbers,
polydimethylsiloxanes, silicone carbonate copolymers, hydrophilic polymers such as hydrogels
of esters of acrylic and methacrylic acid, collagen, cross-linked polyvinylalcohol and cross-
linked partially hydrolyzed polyvinyl acetate) that is surrounded by an outer polymeric
membrane (e.g., polyethylene, polypropylene, ethylene/propylene copolymers, ethylene/ethyl
acrylate copolymers, ethylene/vinylacetate copolymers, silicone rubbers, polydimethyl siloxanes,
neoprene rubber, chlorinated polyethylene, polyvinylchloride, vinylchloride copolymers with
vinyl acetate, vinylidene chloride, ethylene and propylene, ionomer polyethylene terephthalate,
butyl rubber epichlorohydrin rubbers, cthylene/vinyl alcohol copolymer, ethylene/vinyl
acetate/vinyl alcohol terpolymer, and ethylene/vinyloxyethanol copolymer) that is insoluble in
body fluids. The agent diffuses through the outer polymeric membrane in a release rate
controlling step. The percentage of active agent contained in such parenteral compositions is
highly dependent on the specific nature thereof, as well as the activity of the agent and the needs
of the subject.

Lyophilized powders can be reconstituted for administration as solutions, emulsions, and
other mixtures or formulated as solids or gels. The sterile, lyophilized powder is prepared by

dissolving an agent provided herein, or a pharmaceutically acceptable derivative thereof, in a
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suitable solvent. The solvent may contain an excipient which improves the stability or other
pharmacological component of the powder or reconstituted solution, prepared from the powder.
Excipients that may be used include, but are not limited to, dextrose, sorbital, fructose, corn
syrup, xylitol, glycerin, glucose, sucrose or other suitable agent. The solvent may also contain a
buffer, such as citrate, sodium or potassium phosphate or other such buffer known to those of
skill in the art at, typically, about neutral pH. Subsequent sterile filtration of the solution
followed by lyophilization under standard conditions known to those of skill in the art provides
the desired formulation. Generally, the resulting solution will be apportioned into vials for
lyophilization. Each vial will contain, by way of example and without limitation, a single dosage
(10-1000 mg, such as 100- 500 mg) or multiple dosages of the agent. The lyophilized powder
can be stored under appropriate conditions, such as at about 4°C to room temperature.
Reconstitution of this lyophilized powder with water for injection provides a formulation for use
in parenteral administration. For reconstitution, about 1-50 mg, such as about 5-35 mg, for
example, about 9-30 mg of lyophilized powder, is added per mL of sterile water or other suitable
carrier. The precise amount depends upon the selected agent. Such amount can be empirically
determined.

miR-338-3p or a mimic or a functional derivative thereof, or a vector expressing said
miR-338-3p or mimic or functional derivative thereof, or an agent capable of increasing the level
or activity of miR-338-3p may be formulated as aerosols for application e.g., by inhalation or
intranasally (e.g., as described in US 4,044,126, 4,414,209, and 4,364,923). These formulations
can be in the form of an aerosol or solution for a nebulizer, or as a microfine powder for
insufflation, alone or in combination with an inert carrier such as lactose. In such a case, the
particles of the formulation will, by way of example and without limitation, have diameters of
less than about 50 microns, such as less than about 10 microns.

The agents may be also formulated for local or topical application, such as for application
to the skin and mucous membranes (e.g., intranasally), in the form of nasal solutions, gels,
creams, and lotions.

Other routes of administration, such as transdermal patches are also contemplated herein.
Transdermal patches, including iotophoretic and electrophoretic devices, are well known to those
of skill in the art. For example, such patches are disclosed in US 6,267,983, 6,261,595,
6,256,533, 6,167,301, 6,024,975, 6,010,715, 5,985,317, 5,983,134, 5,948,433, and 5,860,957.
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miR-338-3p or a mimic or a functional derivative thereof, or a vector expressing said
miR-338-3p or mimic or functional derivative thereof, or an agent capable of increasing the level
or activity of miR-338-3p may be packaged as articles of manufacture containing packaging
material and a label that indicates that miR-338-3p or a mimic or a functional derivative thereof,
or a vector expressing said miR-338-3p or mimic or functional derivative thereof, or an agent
capable of increasing the level or activity of miR-338-3p, or pharmaceutically acceptable
derivative thereof, are used for replenish miR-338-3p in thalamic neurons for rescue abnormal
function of thalamic neurons and their abnormal sensitivity to antipsychotics, so as to treat one or
more positive symptoms of schizophrenia and/or 22q11 DS.

In one embodiment of any of the above compositions, the composition further comprises
an inhibitor of Drd2, including an inhibitor of the expression of Drd2, now known or later
discovered. In one embodiment of any of the above compositions, the composition further
comprises an activator of Degr8, including an activator of the expression of Dcgr8, now known
or later discovered.

Diagnostic Methods of the Invention

In one embodiment, the invention provides a method for determining efficacy of a
treatment for schizophrenia or 22q11 deletion syndrome in a subject, the method comprising:
(a) determining the leve! of miR-338-3p in thalamic neurons or in a bodily fluid sample obtained
from the subject before the treatment,
(b) determining the level of miR-338-3p in thalamic neurons of the subject after the treatment,
(c) comparing the levels determined in steps () and (b), and
(d) determining that the treatment is effective if the level of miR-338-3p in thalamic neurons or
in the bodily fluid sample obtained from the subject has increased after the treatment.

In another embodiment, the invention provides a method for determining the likelihood
of developing a positive symptom of schizophrenia in a subject, the method comprising:
(a) determining the level of miR-338-3p in thalamic neurons or in a bodily fluid sample obtained
from the subject,
(b) comparing the level determined in step (a) to a control level, and
(c) determining that the subject is at risk of developing positive symptoms of schizophrenia if the
level of miR-338-3p in thalamic neurons or in the bodily fluid sample obtained from the subject

is lower than the control level.
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In the diagnostic methods of the invention, the level of miR-388-3p is measured in a
biological sample obtained from the subject. For example, a brain tissue sample can be removed
from the subject, and neurons can be isolated by standard techniques. Alternatively, a bodily
fluid sample can be used. Non-limiting examples of useful bodily fluids for determination of the
levels of miR-338-3p include, e.g., blood, urine, saliva, CSF. The blood sample may comprise
whole blood, blood lymphocytes, peripheral blood mononuclear cells (PBMCs), blood plasma,
or blood serum. The identification of miRNA expression in the blood sample will typically take
place ex vivo, but the present invention also contemplates in vivo testing.

A corresponding control sample can be obtained from a healthy age- and gender-matched
subject or a population of such healthy subjects. The control sample is then processed along
with the sample from the subject, so that the levels of miR-338-3p in the subject’s sample can be
compared to the corresponding miR-338-3p levels from the control sample. A reference miRNA
expression standard for the biological sample can also be used as a control.

The level of miR-338-3p in a sample can be measured using any technique that is suitable
for detecting RNA levels in a biological sample. Suitable techniques include hybridization (e.g.,
Northern blot analysis, in situ hybridization), array-based assays, PCR-based assays, and
sequencing.  Array-based assays include, e.g., commercial arrays from Agilent, Exiqon,
Affymetrix or custom-designed two-color arrays with a common reference (e.g., a specific
quantity of ‘artificial’ miRNA for all probes on the chip or a specific sample such as, e.g., large
batches of RNA isolated from patient blood, etc), or solution hybridization assays such as
Ambion mirVana miRNA Detection Kit). Sequencing methods include, e.g., direct sequencing
by one of the next generation sequencing technologies (e.g., Helicos small RNA sequencing,
miRNA BeadArray (Illumina), Roche 454 (FLX-Titanium), and ABI SOLiD). For review of
additional applicable techniques see, e.g., Chen et al., BMC Genomics, 2009, 10:407; Kong et
al., J Cell Physiol. 2009; 218:22-25.

In a particular embodiment, the level of at least one miR-338-3p is detected using
Northern blot analysis. For example, total cellular RNA can be purified from cells by
homogenization in the presence of nucleic acid extraction buffer, followed by centrifugation.
Nucleic acids are precipitated, and DNA is removed by treatment with DNase and precipitation.
The RNA molecules are then separated by gel electrophoresis on agarose gels according to

standard techniques, and transferred to nitrocellulose filters. The RNA is then immobilized on
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the filters by heating. Detection and quantification of specific RNA is accomplished using
appropriately labeled DNA or RNA probes complementary to the RNA in question. See, for
example, Molecular Cloning: A Laboratory Manual, J. Sambrook et al., eds., 2nd edition, Cold
Spring Harbor Laboratory Press, 1989, Chapter 7.

Suitable probes for Northern blot hybridization of miR-338-3p can be produced from the
nucleic acid sequences provided in the figures and include, but are not limited to, probes having
at least about 70%, 75%, 80%, 85%, 90%, 95%, 98%, 99% or complete complementarity to
miR-338-3p. Methods for preparation of labeled DNA and RNA probes, and the conditions for
hybridization thereof to target nucleotide sequences, are described in Molecular Cloning: A
Laboratory Manual, J. Sambrook et al., eds., 2nd edition, Cold Spring Harbor Laboratory Press,
1989, Chapters 10 and 11.

For example, the nucleic acid probe can be labeled with, e.g., a radionuclide, such as 34,
32p 33p C. or ¥S; a heavy metal; a ligand capable of functioning as a specific binding pair
member for a labeled ligand (e.g., biotin, avidin or an antibody); a fluorescent molecule; a
chemiluminescent molecule; an enzyme or the like.

Where radionuclide labeling of DNA or RNA probes is not practical, the random-primer
method can be used to incorporate an analogue, for example, the dTTP analogue 5-(N--(N-
biotinyl-epsilon-aminocaproyl)-3-aminoallyl)deoxyuridine triphosphate, into the probe molecule.
The biotinylyated probe oligonucleotide can be detected by reaction with biotin-binding proteins,
such as avidin, streptavidin, and antibodies (e.g., anti-biotin antibodies) coupled to fluorescent
dyes or enzymes that produce color reactions.

In addition to Northern and other RNA hybridization techniques, determining the levels
of RNA transcripts can be accomplished using the technique of in situ hybridization. This
technique requires fewer cells than the Northern blotting technique, and involves depositing
whole cells onto a microscope cover slip and probing the nucleic acid content of the cell with a
solution containing radioactive or otherwise labeled nucleic acid (e.g., cDNA or RNA) probes.
This technique is particularly well-suited for analyzing tissue biopsy samples from subjects.
Suitable probes for in situ hybridization of a given miRNA can be produced from the nucleic
acid sequences, and include, but are not limited to, probes having at least about 70%, 75%, 80%,

85%, 90%, 95%, 98%, 99% or complete complementarity to a miRNA of interest, as described

above. .
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The relative number of miRNA molecules in cells can also be determined by reverse
transcription of miRNA, followed by amplification of the reverse-transcribed transcripts by
polymerase chain reaction (RT-PCR). Non-limiting examples of useful commercial RT-PCR
assays include Tagman miRNA assays (stem-loop assays; Applied Biosystems) and LNA-based
miRNA PCR assays (poly-A-based assays; Exiqon) or quantitative RT-PCR based array method
(qgPCR-array).  Other methods of amplification include ligase chain reaction (LCR),
transcription-mediated amplification (TMA), strand displacement amplification (SDA) and
nucleic acid sequence based amplification (NASBA).

The levels of miRNA can be quantified in comparison with an internal standard, for
example, the level of mRNA from a “housekeeping” gene present in the same sample. A
suitable “housekeeping” gene for use as an internal standard includes, e.g., myosin or
glyceraldehyde-3-phosphate dehydrogenase (G3PDH). Methods for performing quantitative and
semi-quantitative RT-PCR, and variations thereof, are well known to those of skill in the art.

Useful methods of miRNA isolation and purification, include, e.g., Qiazol or Trizol
extraction or the use of commercial kits (e.g., miRNeasy kit [Qiagen], MirVana RNA isolation
kit [Ambion/ABI], miRACLE [Agilent], High Pure miRNA isolation kit [Roche], and miRNA
Purification kit [Norgen Biotek Corp.]), concentration and purification on anion-exchangers,
magnetic beads covered by RNA-binding substances, or adsorption of certain miRNA on
complementary oligonucleotides.

In some embodiments, miRNA degradation in patients’ samples is reduced or eliminated.
Useful methods for reducing or eliminating miRNA degradation include, without limitation,
adding RNase inhibitors (e.g., RNasin Plus [Promega], SUPERase-In [ABI], etc.), use of
guanidine chloride, guanidine isothiocyanate, N-lauroylsarcosine, sodium dodecylsulphate
(SDS), or a combination thereof, Air-exposure-related RNA degradation can be reduced, e.g., by
storage of samples in an inert air environment, performing RNA extraction within 3-4 days from
the time of sample collection to minimize air-related RNA degradation, or minimizing time to
tissue fixation. Reducing miRNA degradation in samples is particularly important when sample
storage and transportation is required prior to miRNA quantification.

In one embodiment of any of the above methods, the method further comprises
determining the level of Dcgr8 and/or Drd2 expression, such as for example and not limitation,

by hybridization (including protein and nucleic acid hybridization assays, e.g., ELISA, Western
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blotting, Northern blotting, Southern blotting), array-based assays, PCR-based assays (e.g.,
gPCR), and sequencing.
Kits of the Invention

In conjunction with the above diagnostic methods, the present invention also provides
various kits comprising primers and/or probes specific for miR-338-3p. The kits of the invention
can be useful, e.g., for diagnosing schizophrenia or for determining efficacy of a treatment for
schizophrenia or 22q11 deletion syndrome.

A kit of the invention can also provide reagents for primer extension and amplification
reactions. For example, in some embodiments, the kit may further include one or more of the
following components: a reverse transcriptase enzyme, a DNA polymerase enzyme (such as,
c.g., a thermostable DNA polymerase), a polymerase chain reaction buffer, a reverse
transcription buffer, and deoxynucleoside triphosphates (ANTPs). Alternatively (or in addition),
a kit can include reagents for performing a hybridization assay. The detecting agents can include
nucleotide analogs and/or a labeling moiety, e.g., directly detectable moiety such as a
fluorophore (fluorochrome) or a radioactive isotope, or indirectly detectable moiety, such as a
member of a binding pair, such as biotin, or an enzyme capable of catalyzing a non-soluble
colorimetric or luminometric reaction. In addition, the kit may further include at least one
container containing reagents for detection of electrophoresed nucleic acids. Such reagents
include those which directly detect nucleic acids, such as fluorescent intercalating agent or silver
staining reagents, or those reagents directed at detecting labeled nucleic acids, such as, but not
limited to, ECL reagents. A kit can further include miRNA isolation or purification means as
well as positive and negative controls. A kit can also include a notice associated therewith in a
form prescribed by a governmental agency regulating the manufacture, use or sale of diagnostic
kits. Detailed instructions for use, storage and troubleshooting may also be provided with the kit.
A kit can also be optionally provided in a suitable housing that is preferably useful for robotic
handling in a high throughput setting.

The components of the kit may be provided as dried powder(s). When reagents and/or
components are provided as a dry powder, the powder can be reconstituted by the addition of a
suitable solvent. It is envisioned that the solvent may also be provided in another container. The
container will generally include at least one vial, test tube, flask, bottle, syringe, and/or other

container means, into which the solvent is placed, optionally aliquoted. The kits may also
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comprise a second container means for containing a sterile, pharmaceutically acceptable buffer
and/or other solvent.

Where there is more than one component in the kit, the kit also will generally contain a
second, third, or other additional container into which the additional components may be
separately placed. However, various combinations of components may be comprised in a
container.

Such kits may also include components that preserve or maintain DNA or RNA, such as
reagents that protect against nucleic acid degradation. Such components may be nuclease or
RNase-free or protect against RNases, for example. Any of the compositions or reagents

described herein may be components in a kit.

EXAMPLES

The present invention is also described and demonstrated by way of the following
examples. However, the use of these and other examples anywhere in the specification is
illustrative only and in no way limits the scope and meaning of the invention or of any
exemplified term. Likewise, the invention is not limited to any particular preferred embodiments
described here. Indeed, many modifications and variations of the invention may be apparent to
those skilled in the art upon reading this specification, and such variations can be made without
departing from the invention in spirit or in scope. The invention is therefore to be limited only
by the terms of the appended claims along with the full scope of equivalents to which those

claims are entitled.

EXAMPLE 1: Materials and Methods
Animals. Mice of both sexes were used for all experiments. Df{16)1/+ and Dgcer8™ mouse

strains were reported previously4°’ 68

and were back-crossed onto the C57BL/6J genetic
background for at least 10 generations. The miR-338"" and miR-338"" mice were generated from
embryonic stem cells from C57BL/6N-A"™'®" mice that were purchased from the Mutant Mouse
Regional Resource Center (MMRRC; clone #034476-UCD). C57BL/6 blastocyst injections were
performed by the Transgenic/Gene Knockout Shared Resource at St. Jude Children’s Research
Hospital (St. Jude). Chimeric mice were genotyped according to MMRRC protocols by using the
following primers: 5’ common reverse (ATAGCATACATTATACGAAGTTATCACTGG; SEQ

ID NO: 39), 5' gene-specific (CTTCACTACACTCTCCCTAGTACAGTCTC; SEQ ID NO: 40),
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3" common forward (TCTAGAAAGTATAGGAACTTCCATGGTC; SEQ ID NO: 41), and 3’
gene-specific (AGGAGACTCATAGTTCTCTGTATCATAGC SEQ ID NO: 42). PCR was
performed under the following conditions: 93°C for 3 min, 93°C for 15 s, and 68°C for 9 min for
8 cycles and then 93°C for 15 s, 60°C for 30 s, and 68°C for 9 min for 32 cycles. The mutant
allele generated a 6.1-kb band with 5' common-reverse and 5’ gene-specific primers and a 4.1-kb
band with 3' common-forward and 3’ gene-specific primers. The wild-type (WT) allele did not
generate a band with either primer set. Subsequent genotyping was performed at Transnetyx
(Cordova, TN). For the majority of experiments, mice were divided into groups according to
genotype or viral injections, and the experimenters were blinded to the genotype or treatment.
The care and use of animals were reviewed and approved by the St. Jude Institutional Animal
Care and Use Committee.

Whole-Cell Electrophysiology. Acute primary thalamocortical (TC) slices (400-pm thick)
containing the left auditory cortex (ACx) and the left ventral part of the medial geniculate nuclei
(MGv) of the thalamus were prepared as previously described’. Briefly, mouse brains were
quickly removed and placed in cold (4 °C) dissecting artificial cerebrospinal fluid (ACSF)
containing 125 mM choline-Cl, 2.5 mM KClI, 0.4 mM CaCl,, 6 mM MgCl,, 1.25 mM NaH,POs4,
26 mM NaHCO;, and 20 mM glucose (300-310 mOsm), with 95% 0O,/5% CO,. Primary TC
slices were obtained from the left hemisphere by using a slicing angle of 15°. After a 1-h
incubation in ACSF [125 mM NaCl, 2.5 mM KCl, 2 mM CaCl, 2 mM MgCl,, 1.25 mM
NaH,PO4, 26 mM NaHCO;, 20 mM glucose (300-310 mOsm), with 95% 02/5% CO,] at room
temperature, the slices were transferred into the recording chamber and superfused (2-3 mL/min)
with warm (30-32 °C) ACSF.

Whole-cell recordings were obtained from cell bodies of layer (L) 3/4 thalamorecipient
neurons in the ACx and thalamic-relay neurons in the MGv. Mice were chosen in a
pseudorandom order, without the experimenter’s prior knowledge of genotype or treatments.
Patch pipettes (open-pipette resistance, 3.5-5 MQ) were filled with an internal solution
containing 125 mM CsMeSO3, 2 mM CsCl, 10 mM HEPES, 0.1 mM EGTA, 4 mM MgATP, 0.3
mM NaGTP, 10 mM Naj, creatine phosphate, 5 mM QX-314, 5 mM tetraethylammonium CI (pH
7.4 adjusted with CsOH, 290-295 mOsm). Voltage-clamp recordings were made using a
Multiclamp 700B (Molecular Devices, Sunnyvale CA), digitized (10 kHz), and recorded using
the pCLAMP 10.0 software (Molecular Devices, Sunnyvale CA). EPSCs were recorded at
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holding membrane potentials of ~70 mV. In all experiments, membrane potentials were corrected
for a liquid junction potential of —10 mV. TC excitatory postsynaptic currents (EPSCs) were
evoked by current pulses (duration, 100 ps) delivered to the thalamic radiation via tungsten
bipolar electrodes. Paired-pulse ratio (PPR) of TC and corticocortical (CC) EPSCs and the
NMDAR/AMPAR ratio were measured as described previously®”. To ensure consistent access
resistance of the recording electrode during long-term experiments, the peak amplitude of a brief
(10-ms) hyperpolarizing test pulse (=5 mV) was monitored, which was given 250 ms after a
stimulus. Access resistance (Ra) in recorded neurons was typically 10 to 25 MQ. Recordings
were discarded if the access resistance was higher than 25 MQ, or if it changed more than 15%
during the course of the whole-cell recording.

Two-Photon Imaging. Two-photon laser-scanning microscopy was performed using an
Ultima imaging system, a Ti:sapphire Chameleon Ultra femtosecond-pulsed laser, and 60x (0.9
NA) water-immersion infrared objectives (Coherent, Santa Clara, CA). Synaptically evoked
calcium transients were measured in dendritic spines, the site of thalamic inputs, as described
previously®'. Briefly, Alexa Fluor 594 (30 uM) and Fluo-5F (300 puM) (ThermoFischer
Scientific) were included in the internal pipette solution (see above) and were excited at 820 nm.
Synaptically evoked changes in fluorescence of both fluorophores were measured in the line-
scan mode (750 Hz) in spine heads and the parent dendritic shaft. Line scans were analyzed as
changes in green (G, Fluo-5F) fluorescence normalized to red (R, Alexa Fluor 594) fluorescence
(AG/R). The amplitude and probability ‘of calcium transients were measured in response to 10 to
20 stimulations delivered at 0.1 Hz to the thalamic radiation. Distance (angular) of the active
thalamic inputs from the center of the soma was calculated using maximum-intensity projections
of z-scan images of the entire cell collected at lower magnification.

Optogenetics. In optogenetic experiments, the light-activated cation channel ChR2 was
expressed in the MGv by using adeno-associated virus (AAV) and optically induced EPSCs were
evoked by briefly illuminating TC slices with a 473-nm light''®
pAAV-CaMKIlo-hChR2(H134R)-YFP-WPRE-pA  (CamKIIa-ChR2-YFP)  plasmid  and
produced commercially (UNC Vector; serotype 2/1; 4x10'? IFU/mL). AAVs were injected into

. AAVs were generated from the

the MGv as described previously79. Adult mice were anesthetized with isoflurane in pure
oxygen, and a 200- to 400-nL sample of virus was slowly pressure-injected into the MGv (from

the bregma: anterior-posterior, —3.0 mm; medial-lateral, + 2.0 mm; dorsal-ventral, 3.1 mm).
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Approximately 21 to 28 days after virus injection, the mice were decapitated, and TC slices were
prepared. Confocal imaging of YFP in the MGv was used to verify on-target infection of
CamKIIa-ChR2-YFP viruses. Short light pulses (10-200 mW) from a 473-nm laser were directed
to the slices through the visible light photoactivation module or through the objective.

Slice electrophysiology. Acute primary thalamocortical (TC) slices (400um thick)
containing the auditory cortex (ACx) and the ventral part of the medial geniculate nuclei (MGv)
of the thalamus were prepared as previously described®. Briefly, mouse brains were quickly
removed and placed in cold (4°C) dissecting artificial cerebrospinal fluid (ACSF) containing 125
mM choline-Cl, 2.5 mM KCI, 0.4 mM CaCl,, 6 mM MgCl, 1.25 mM NaH,PO,, 26 mM
NaHCO3, and 20 mM glucose (300-3 [0 mOsm), with 95% 0/5% CO,. Primary TC slices were
obtained from the left hemisphere by using a slicing angle of 15°. After a 1 hour incubation in
ACSF (125 mM NaCl, 2.5 mM KCI, 2 mM CaCl,, 2 mM MgCl,, 1.25 mM NaH,POs4, 26 mM
NaHCOs3, 20 mM glucose [300-310 mOsm], with 95% 0/5% CO;) at room temperature, the
slices were transferred into the recording chamber and superfused (2-3 mL/min) with warm (30-
32°C) ACSF.

Whole-cell recordings were obtained from cell bodies of layer (L) 3/4 thalamorecipient
neurons in the ACx and thalamic-relay neurons in the MGv. Patch pipettes (open pipette
resistance, 3.5-5 MQ) were filled with an internal solution containing 125 mM CsMeSO;, 2 mM
CsCl, 10 mM HEPES, 0.1 mM EGTA, 4 mM MgATP, 0.3 mM NaGTP, 10 mM Na;, creatine
phosphate, 5 mM QX-314, 5 mM tetraethylammonium CI (pH 7.4 was adjusted with CsOH, 290-
295 mOsm). Voltage-clamp recordings were made using a Multiclamp 700B, digitized (10 kHz),
and recorded using the pCLAMP 10.0 software. EPSCs were recorded at holding membrane
potentials of ~70 mV. In all experiments, membrane potentials were corrected for a liquid
junction potential of =10 mV. TC EPSCs were evoked by current pulses (duration, 100 ps)
delivered to the thalamic radiation via tungsten bipolar electrodes. To ensure consistent access
resistance of the recording electrode during long-term experiments, the peak amplitude of a brief
(10-ms) hyperpolarizing test pulse (-5 mV) was monitored given 250 ms after a stimulus.
Access resistance (Ra) in recorded neurons was typically 10 to 25 MQ. Recordings were
discarded if access resistance was higher than 25 MQ or if access resistance changed more than

15% during the course of the whole-cell recording.
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miRNA microarray. Total RNA was isolated from 2- and 4-month-old male WT,
Df(16)1/+, and Dgcr8™ thalami containing MGv using mirVana RNA isolation kit (Life
Technologies, Carlsbad, CA). Total RNAs (100 ng) were labeled using miRNA Complete
Labeling and Hyb Kit (Agilent, Santa Clara, CA), followed by hybridizing to the Mouse miRNA
v19 microarray (Agilent-046065) that contains 3,105 unique biological featured probes targeting

1,247 mature miRNAs according to mouse miRBase version 19.0 (www.mirbase.org; August
2012). Microarrays were scanned by using an Agilent array scanner (G2565CA) at 3-um
resolution. Microarray data were extracted by Agilent Feature Extraction software (v.10.5.1.1).
The data process was performed using Partek software (St. Louis, MO).

After quantile normalization among arrays, each probe was summarized by averaging
with a single normalized intensity value. The Student’s t-test was used to determine statistical
significance between sets of replicates from different experimental groups. The miRNA was
considered significantly differentially expressed if the p-value <0.01 and log, fold change (FC)
>().2 for more than one probe targeting the mature form of the miRNA. The mRNAs targeted by
differentially expressed miRNAs were predicted using bioinformatics tools miRWalk™ and
TargetScan (www.targetscan.org).

Quantitative RT-PCR. Total RNA was isolated from various brain regions (i.e., the
auditory thalamus containing the MGv, hippocampus, or cortex) by using mirVana RNA
isolation Kit (Life Technologies, Carlsbad, CA). The synthesis of cDNA from mRNA was
performed with iScript (Bio-Rad, Hercules, CA), and miRNA First-Strand cDNA Synthesis Kit
(Agilent) was used to synthesize cDNA from miRNA. The experiments were performed using
SYBR Green (Life Technologies, Carlsbad, CA). The following forward primers were used for
miRNA analysis: mmu-miR-338-3p (TCCAGCATCAGTGATTTTGTTG, SEQ ID NO: 2), hsa-
miR-338-3p (TCCAGCATCAGTGATTTTGTTG; SEQ ID NO: 44) mmu-miR-335-3p
(TTTTTCATTATTGCTCCTGACC, SEQ ID NO: 3), mmu-miR-335-5p (TCAAGA
GCAATAACGAAAAATGT, SEQ ID NO: 4), mmu-miR-337-3p (TCAGCTCCTATATGATG
CCTTT, SEQ ID NO: 5), mmu-miR-337-5p (CGGCGTCATGCAGGAGTTGATT, SEQ ID NO:
6), mmu-miR-3065-5p (TCAACAAAATCACTGATGCTGG, SEQ ID NO: 7), and mmu-miR-
3065-3p (TCAGCACCAGGATATTGTTGGGGm SEQ ID NO: 8).

The universal reverse-primer specific to the sequence tag (miRNA First-Strand cDNA

Synthesis Kit; Agilent) was used. The following primers were used for mRNA analysis: Drd2
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forward (GGATGTCATGATGTGCACAGC, SEQ ID NO: 9), Drd2 reverse
(CGCTTGCGGAGAACGATG, SEQ ID NO: 10), Aatk forward
(ATGCTGGCCTGCCTGTGTTGT, SEQ ID NO: 11), and Adatk reverse
(AGGGGCAGGACATACACATCGG, SEQ ID NO: 12). The following loading controls were
used: U6 snRNA forward (CGCTTCGGCAGCACATATAC, SEQ ID NO: 13), U6 snRNA
reverse  (TTCACGAATTTGCGTGTCAT, SEQ ID NO: 14),  SnoRNA202
(CTTTTGAACCCTTTTCCATCTG, SEQ ID NO: 15), and  SnoRNA234
(TTAACAAAAATTCGTCACTACCA, SEQ ID NO: 16). The same universal reverse primer
was used for SnoRNA202 and SnoRNA234. The same U6 snRNA primers were used for human
and mouse samples. Samples from each mouse were run in triplicate.

Human brain tissue. Postmortem samples of human MGv and ACx (Brodmann area 41)
were obtained from The Maryland Brain Collection (Maryland Psychiatric Research Center,
University of Maryland School of Medicine, Catonsville, MD). The level of mature miR-338-3p
wase tested in six patients with schizophrenia and six age-, race-, and sex-matched healthy
controls. Only samples with RNA integrity number >7 were used in these experiments (Agilent
RNA 6000 Nano kit). The mean postmortem interval was 15.8 + 1.8 h for patients with
schizophrenia and 16.5 = 1.2 h (p >0.05) for healthy controls. Quantitative RT-PCR for each
brain tissue sample was run in triplicate.

Plasmids and viruses. To overexpress miRNAs of interest, recombinant AAVs (serotype
5) were generated by cloning chimeric hairpins of the miRNAs of interest’’ with hsa-miR-30a
into the 3' UTR of GFP under the CamKIIa promoter using a previously described strategy’ .
The following primers were used: miR-338-3p-1 (GTACAGCTGTTGACAG
TGAGCGACTCCAGCATCAGTGATTTTGTTGTGTGAA, SEQ ID NO: 17), miR-338-3p-2
(CCATCTGTGGCTTCACACAACAAAATCACTGATGCTGGAGTCGCTCACTGTCAACA
GCT, SEQ ID NO: 18), miR-338-3p-3 (GCCACAGATGGCAACAAAATCTGATGCTGGAG
CTGCCTACTGCCTCGGAA, SEQ ID NO: 19), miR-338-3p-4 (AGCTTTCCGAGGCAGTA
GGCAGCTCCAGCATCAGATTTTGTTG, SEQ ID NO: 20), miR-337-3p-1 (GTACAGCTG
TTGACAGTGAGCGACTCAGCTCCTATATGATGCCTTTTGTGAA, SEQ ID NO: 21), miR-
337-3p-2 (CCATCTGTGGCTTCACAAAAGGCATCATATAGGAGCTGAGTCGCTCACTGT
CAACAGCT, SEQ ID NO: 22), miR-337-3p-3 (GCCACAGATGGAAAGGCATCATAGGAG
CTGAGCTGCCTACTGCCTCGGAA, SEQ ID NO: 23), miR-337-3p-4 (AGCTTTCCGAGG
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CAGTAGGCAGCTCAGCTCCTATGATGCCTTT, SEQ ID NO: 24), miR-337-5p-1 (GTACAG
CTGTTGACAGTGAGCGACCGGCGTCATGCAGGAGTTGATTTGTGAA, SEQ ID NO: 25),
miR-337-5p-2 (CCATCTGTGGCTTCACAAATCAACTCCTGCATGACGCCGGTCGCTC
ACTGTCAACAGCT, SEQ ID NO: 26), miR-337-5p-3 (GCCACAGATGGAATCAAC
TCGCATGACGCCGGCTGCCTACTGCCTCGGAA, SEQ ID NO: 27), miR-337-5p-4
(AGCTTTCCGAGGCAGTAGGCAGCCGGCGTCATGCGAGTTGATT, SEQ ID NO: 28),
miR-335-3p-1 (GTACAGCTGTTGACAGTGAGCGACTTTTTCATTATTGCTCCTGACCTGT
GAA, SEQ ID NO: 29), miR-335-3p-2 (CCATCTGTGGCTTCACAGGTCAGGA
GCAATAATGAAAAAGTCGCTCACTGTCAACAGCT, SEQ ID NO: 30), miR-335-3p-3
(GCCACAGATGGGGTCAGGAGATAATGAAAAAGCTGCCTACTGCCTCGGAA, SEQ ID
NO: 31), miR-335-3p-4 (AGCTTTCCGAGGCAGTAGGCAGCTTTTTCATTATCTCCTG
ACC, SEQ ID NO: 32), miR-335-5p-1 (GTACAGCTGTTGACAGTGAGCGACTC
AAGAGCAATAACGAAAAATGTTGTGAA, SEQ ID NO: 33), miR-335-5p-2 (CCATCTGT
GGCTTCACAACATTTTTCGTTATTGCTCTTGAGTCGCTCACTGTCAACAGCT, SEQ ID
NO: 34), miR-335-5p-3 (GCCACAGATGGACATTTTTCGATTGCTCTTGAGCTGCCTACT
GCCTCGGAA, SEQ ID NO: 35), and miR-335-5p-4 (AGCTITTCCGAGGCAG
TAGGCAGCTCAAGAGCAATCGAAAAATGT, SEQ ID NO: 36).

Generation of miR-338-3p sponges and Renilla and Firefly activity using the dual-
luciferase reporter assay was performed as described previously’>”?, Twelve copies of the
following sequences were inserted for the miR-338-3p sponge
(CAACAAAATGCGGATGCTGGA, SEQ ID NO: 37) or scrambled control
(GACACTGTGAGCGAAGACATA, SEQ ID NO: 38) into the 3" UTR of GFP under the
control of the CamKlla promoter. Recombinant AAVs (1-2 X 1ot particles/mL) were
generated at the St. Jude Vector Development & Production Core and injected into the MGvs of
anesthetized mice, as described previously®.

In the luciferase assay, multiple copies of the miR-338-3p sponge and scramble control
were cloned into 3-UTR of Renilla luciferase gene contained within the psiCHECK-2 vector
(Promega). The plasmids were transfected into HEK 293T cells along with miR-338-3p
overexpression plasmid or control pcDNA3.1 or irrelevant miR-185-5p overexpressing plasmid.

After two days in culture, Renilla and Firefly activities were measured using the dual-luciferase
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reporter assay (Promega) according to the manufacturer’s instructions. The Renilla luciferase
expression was normalized to Firefly luciferase expression as a readout.

Generation of miR-338 KO mice. Heterozygous embryonic stem cells from C57BL/6N-
A" mice were purchased from Mutani Mouse Regional Resource Center (clone #034476-
UCD). C57BL/6 blastocysts injections were performed by the Transgenic/Gene Knockout Shared
Resource at St. Jude Children’s Research Hospital. Genotyping of chimeric mice was performed
according to Mutant Mouse Regional Recourse Center protocols using the following primers: 5’
common reverse (ATAGCATACATTATACGAAGTTATCACTGG, SEQ ID NO: 39), 5’ gene-
specific (CTTCACTACACTCTCCCTAGTACAGTCTC, SEQ 1D NO: 40), 3 ' common forward
(TCTAGAAAGTATAGGAACTTCCATGGTC, SEQ ID NO: 41), and 3’ gene-specific
(AGGAGACTCATAGTTCTCTGTATCATAGC, SEQ ID NO: 42). PCR conditions were a
follows: 93 °C for 3 min, 93 °C for 15 s, and 68 °C for 9 min for 8 cycles and then 93 °C for 15
s, 60 °C for 30 s, 68 °C for 9 min for 32 cycles. Mutant allele generates a 6.1-kilobase band with
5' common reverse and 5’ gene-specific primers, and 4.1-kilobase band with 3’ common forward
and 3’ gene-specific primers. WT allele does not generate a band with either primer set.
Subsequent genotyping was performed at Transnetyx (Cordova, TN).

Mouse behavioral tests. Prepulse (PPI) experiments were performed as previously
described®. Briefly, each day before testing, the mice were transported from the animal-housing
room and allowed a 1-h habituation period in the testing room. Before experiments were
initiated, the mice were allowed to acclimate to the Plexiglas restraint chamber (6 cm x 6 cm x
4.8 cm) for 20 min. The mice then had a 5-min acclimation period to a 65-dB background white
noise, which played throughout the session. For PPI experiments, three acoustic startles (8 kHz,
120 dB, 40 ms) were delivered scparated by a 15-s intertrial interval. The testing session
consisted of the following trials: pulse-alone, in which the startle pulse was presented; the
combination of a 40-ms white-noise prepulse (74 dB, 82 dB, or 90 dB) in WT and Dger8™
littermates and (70 dB, 80 dB, or 90 dB) in WT and miR-338"" littermates and preceding the
startle pulse by 100 ms, and no stimuli. Trials were separated by 15 s and presented in a pseudo-
random order. PPI was calculated as follows: 100 x (pulse-alone response — prepulse + pulse
response)/pulse-alone response.

Auditory Brainstem Responses (ABR) experiments were performed as previously

described®*®, Briefly, mice were anesthetized with Avertin (0.6 mg/g bodyweight, i.p.) and
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ABR was measured using a Tucker Davis Technology (TDT) System III with RZ6
Multiprocessor and BioSigRZ software (Tucker Davis Technology, Alachua, FL). Sounds were
delivered via the MF-1 speaker in the open-field configuration. ABR waveforms were recorded
using sub-dermal needles placed at the vertex of the skull, below the pinna of the ear, and at the
base of the tail. The needles were connected to a low impedance head-stage (RA4LIL TDT) and
fed into the RZ6 multiprocessor through a pre-amplifier (RA4PA, Gain 20x, TDT) (Tucker
Davis Technology, Alachua, FL). ABR waveforms were averages obtained from 500
presentations of a tone (21 tones/s) in the alternating phase and were band-pass filtered (300 Hz -
3 kHz). The ABR threshold was detined as the minimum sound intensity that elicited a wave
above the noise level. All ABR experiments were conducted in a sound booth (Industrial
Acoustic Company, IAC, Model 120A double wall).

Statistical analyses. Data are represented as the means = SEM. All statistics were
computed using the Sigma Plot software. Differences in mean data were determined by the #-
test, Wilcoxon signed rank test, a one-way ANOVA followed by Student-Newman-Keuls post-
hoc test, or a two-way ANOVA, followed by Holm-Sidak multiple comparisons and were

considered significant at p < 0.05.

EXAMPLE 2: Delayed disruption of TC synaptic transmission in 22q11DS models: The
sensitivity of TC projections and TC excitatory postsynaptic currents (EPSCs)
measurements in animal models at different postnatal ages

In adult (4- to 5-month-old) Df{76)1/+ murine models™'"” of 22q11DS (Fig. 1a), a genetic
disorder causing schizophrenia in approximately 30% of patients'®'®, Dgcr8 haploinsufficiency
causes deficient synaptic transmission in TC projections to the ACx5, a brain region that is
implicated in auditory hallucinations'”". This deficiency is mediated by an aberrant elevation of
Drd2 in the thalamic-relay neurons, which renders them abnormally sensitive to antipsychotics
(Drd2 antagonists)°.

Because the positive symptoms of schizophrenia arise during late adolescence or early
adulthood, the sensitivity of TC projections to the antipsychotic agent haloperido! was compared
in Df(16)1/+ mice (Fig. 1a) and their wild-type (WT) littermates at different postnatal ages,
ranging from 1.5 to 7 months. Using single-cell recordings, TC excitatory postsynaptic currents
(EPSCs) were measured from layer (L) 3/4 pyramidal neurons, the main thalamorecipient

neurons in the ACx%, while stimulating TC projections in acute brain slices containing the
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auditory thalamus (i.e., the ventral part of the medial geniculate nuclei [MGv]) and the ACx. TC
projections in WT mice were not haloperidol-sensitive at any age, whereas Df{16)1/+ TC
projections became sensitive to haloperidol (1 uM) only at 3 months of age. In older mice (4
months or older), TC EPSCs in the presence of haloperidol increased approximately two fold
compared to baseline TC EPSCs, whereas in younger mice (2 months or younger) TC EPSCs
were not sensitive to haloperidol. The Drd2 mRNA level was elevated in the auditory thalamus
of 4-month-old (haloperidol-sensitive age) but not 2-month-old (haloperidol-insensitive age)
Df(16)1/+ mice, and the input-output relation of TC synaptic transmission was deficient in 4-
month-old but not 2-month-old Df{16)1/+ mice. Consistent with the notion of a Dger8—miRNA-
Drd2 mechanism of TC deficiency in 22ql 1DS®, TC projections of Dgcr8+/“ mice but not WT
littermates were sensitive to haloperidol only after 3 months of age. Drd2 mRNA levels were
also elevated in the thalamus of 4-month-old but not 2-month-old Dger8* mice. Impaired
glutamate release at TC projections causes an abnormal flow of acoustic information to the ACx,
resulting in a decreased acoustic-startle response and impaired prepulse inhibition (PPI) of
acoustic startle®, a measure of sensorimotor gating that is typically reduced in schizophrenic

21,22

patients” >, Consistent with the notion of a late onset of schizophrenia symptoms, PPI deficits

had a late onset, being present in 4-month-old but not 2-month-old Dger8*" mice.

Basal synaptic transmission was compared in young (2-month-old) and mature (4-month-
old) Df{16)1/+ mice, a murine model of 22q11DS* (Fig. 1a), and their wild-type (WT)
littermates. Using whole-cell voltage-clamp recordings, TC excitatory postsynaptic currents
(EPSCs) were measured from the cortical layer (L) 3/4 pyramidal neurons, the main
thalamorecipient neurons in the ACx”, while stimulating TC projections in acute brain slices
containing the auditory thalamus (i.e., the ventral part of the medial geniculate nuclei [MGv])
and the ACx (Fig. 1b). The input—output relation between stimulation intensity and TC EPSC, a
measure of basal synaptic transmission at TC projections, was deficient in older but not younger
mutant mice (white circles) compared to WT (black circles) controls (Fig. 1¢,1d). Consistent
with the notion that the Drd2 elevation in thalamic-relay neurons reduces glutamatergic synaptic
transmission at auditory TC projections in Df{16)1/+ mice®, the Drd2 mRNA level was elevated
in the MGv of older but not younger Df{(16)1/+ mice (right gray bars compared to WT shown in
the left black bars) (Fig. 1e).
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Elevated Drd2 levels in older Df{16)1/+ mice mediate the abnormal sensitivity of mutant
TC projections to antipsychotics; thus, the time course of this sensitivity was tested at different
postnatal ages (1.5-7 months). In brief, the thalamic radiation of WT mice was stimulated to
evoke TC EPSCs with a rise slope of approximately 100 pA/ms. The effect of the antipsychotic
agent haloperidol on TC EPSC 30 minutes after its bath application was compared to the
preapplication baseline TC EPSC (AH). Using AH as a measure of haloperidol sensitivity, it was
determined that TC projections in WT mice were not sensitive to haloperidol at any age.
However, Df(16)1/+ TC projections became sensitive to haloperidol (1 uM) in an age-dependent
manner. The AH was significantly higher in Df{16)1/+ mice (white circles) than in WT
littermates (black circles) but only beginning at 3 months of age (Fig. 1f~1h). In older mice, a
similar intensity of thalamic stimulation (523 £ 42 pA, n=31 in WT and 550 + 39 pA, n=30 in
Df(16)/+ mice; p >0.05) applied to the thalamic radiation evoked substantially smaller TC
EPSCs in Df{16)1/+ mice (white circles) compared to WT controls (black circles), and
haloperidol rescued that deficit (Fig. 1f,1g). In contrast, TC projections in younger mutant mice
(white circles) were not sensitive to haloperidol at similar stimulation intensities relative to WT
mice (black circles) (527 + 61 pA, n=19 in WT and 568 + 50 pA, n=21 in Df{16)/+ mice; p
>(.05) (Fig. 1h).

Consistent with the notion that Dgecr8 underlies the TC deficiency in 22q1 1DS*, TC
projections in Dger8™ mice (gray circles) but not WT mice (black circles) were sensitive to
haloperidol at older than 3 months of age, at similar stimulation intensities of the thalamic
radiation (543 * 43 pA, n=36 in WT and 551 + 43 pA, n=37 in Dgcr8™ mice; p >0.05). TC
projections in younger mice were not sensitive to haloperidol (569 + 44 A, n=16 in WT and
582 + 37 pA, n=24 in Dger8™ mice; p >0.05) (Fig. 1i-1k). Drd2 mRNA levels were also

e

elevated in the thalamus of only the older Dger8™ mice (shown in right gray bars compared to

WT, shown in left black bars) (Fig. 11). Furthermore, the PPI, a measure of sensorimotor gating

that is typically reduced in schizophrenic patients’"?

, was deficient in older but not younger
Dger8™ mice (shown in right gray bars compared to WT, shown in left black bars) (Fig.
1m,1n). These data indicate that the pathogenic Dgcr8—Drd2 mechanism of 22q11DS underlies

the disruption of TC synaptic transmission but only later in life.

EXAMPLE 3: miR-338-3p mediates the disruption of TC synaptic transmission in 22q11DS
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Because Dger8 is involved in miRNA processing’', the inventors sought to identify the
miRNA(s) mediating the Dger8—Drd2 mechanism of TC deficiency. To this end, miRNA
microarray analysis of the auditory thalamus of 2- and 4-month-old mice was performed (See
Table 1, below). Among miRNAs that potentially target the Drd2 transcript (based on miRWalk
and Exiqon miRNA target—prediction algorithms providing predicted seed-site sequences) in
Drd2 3' UTR, only only five miRNAs (miR-337-3p, miR-337-5p, miR-335-5p, miR-335-3p, and
miR-338-3p) were depleted in the auditory thalamus of Df{16)1/+ mice or Dger8™" mice (Fig.
2a-2d). Because miR-185, which is not a Drd2-targeting miRNA, is encoded within the Df{16)1
microdeletion, its substantial depletion in Df{16)1/+ mice served as a positive control (Fig 2a,
2b). QRT-PCR analysis verified that all five identified Drd2-targeting miRNAs were depleted in
Dger8™” mice (second lighter gray and fourth/last darker gray bars of each miRNA) compared to
that in WT littermates (first lightest gray and third black bars of each miRNA) at both ages (Fig.
7). Interestingly, the expression of miRNAs decreased with age, regardless of genotype. The

8" mice.

levels of identified miRNAs in older mice were lower than those in young WT or Dgcr:
However, because Dgcr8 haploinsufficiency depleted these miRNAs at both ages, the age-
dependent decline in miRNA expression was exacerbated in mutants and reached minimal values
at 4 months in Dger8™ mice (fourth/last darker gray bar of each miRNA) (Fig. 7). This age-
dependent decline was exacerbated in Dgcr8™~ mutants and reached the minimal values in 4-
month-old Dger8™ mice.

To identify which miRNA(s) targeting the Drd2 3'UTR (Fig. 2e) regulates the Dgcré—
Drd2 mechanism of TC deficiency, a screen was performed based on the abnormal sensitivity of
TC projections to haloperidol. To this end, miRNAs were overexpressed in excitatory thalamic
neurons by injecting adeno-associated viruses (AAVs) encoding miR-337-5p, miR-338-3p, miR-
335-5p, miR-337-3p, or miR-335-3p under control of excitatory neuron-—specific promoter
CamKlIla into the MGv of 4-month-old Df{16)1/+ and WT mice (Fig. 2f,2g). Overexpression of
individual miRNAs in Df{16)1/+ (right gray bars) mice not only replenished the depleted
miRNA levels but elevated them beyond those in WT mice (left black bars) (Fig. 8a-8e).
However, of the five miRNAs, only miR-338-3p overexpression rescued the abnormal
haloperidol sensitivity in Df{16)1/+ mice (Figs. 2h (right gray bars compared to WT shown in
left black bars), 8f-8k (gray lines compared to WT shown in black lines)). Overexpression of
miR-338-3p in the MGv of Df{16)1/+ mice decreased Drd2 mRNA levels in the MGv by 47.6%
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* 10.2% compared to the control virus (n = 6 mice for A4V-GFP-miR-338-3p and 6 mice for
AAV-GFP; p <0.01), confirming that miR-338-3p regulates Drd2 levels. These data suggested
that miR-338-3p is the culprit miRNA, and its depletion results in the TC synaptic abnormalities
in 22q11DS mice.

The following data further suggested that miR-338-3p is the culprit miRNA: miR-338-3p
overexpression in the MGv substantially decreased Drd2 levels in the MGv (Fig. 10a-10c; left
black bars represent WT; middle dark gray bars represent miR-338""; right light gray bars
represent miR-338” in 10b,10¢). The miR-338-3p was among other miRNAs (miR-335-3p and
miR-335-5p) that have conserved seed sites in the mouse and human Drd2 3' UTR (miRWalk
algorithm)®®. Consistent with the notion that only more abundant miRNAs effectively regulate
the targeting transcript™, miR-338-3p appeared to be more crucial for Drd2 regulation in the
auditory thalamus than did miR-337-5p, miR-335-5p, miR-337-3p, or miR-335-3p. Indeed, miR-
338-3p was enriched in the thalamus compared to the other 4 miRNAs, and the levels of miR-
337-3p, miR-335-5p, miR-337-3p, or miR-335-3p ranged between approximately 0% and 4% that
of miR-338-3p (Fig. 2i). Moreover, miR-338-3p was substantially enriched in the thalamus
compared to other tested brain regions (Fig. 2i), suggesting that depletion of this Drd2-regulating
miRNA in 22q1 1DS mainly affects thalamic function. Similarly, miR-338-3p was enriched in the
MGv compared to the ACx (Brodmann area 41) in postmortem tissue samples from human
subjects (n=6 for both thalamus and ACx, p <0.001) (Fig. 2j). Moreover, miR-338-3p was
significantly decreased in the thalamus of schizophrenic patients (right gray bars) compared to
that in age- and sex-matched controls (left black bars) (n=6 for both conditions, p <0.05) (Fig.

2j). The inventors previously showed that the Drd2 protein level is elevated in the same set of

MGv samples”.

EXAMPLE 4: miR-338-3p depletion is sufficient to trigger sensitivity of TC projections to
antipsychotics; miR-338 depletion in the MGy or miR-338—knockout recapitulates the
auditory TC synaptic abnormalities of 22q11DS mice

To test whether miR-338-3p depletion is sufficient to trigger sensitivity of TC projections
to antipsychotics, two strategies were employed: (i) a miR-338-3p sponge®® was constructed by
using a previously described strategy’®; and (ii) generation of miR-338—knockout (KO) mice
(Fig. 4d). The miR-338-3p sponge efficiency was verified in an in vitro system by using the

luciferase assay. The sponge with 12 seed sites was sufficient to almost completely and

64



WO 2017/004381 PCT/US2016/040414

specifically deplete miR-338-3p levels according to this assay (Fig. 9). On the basis of these data,
AAVs were constructed expressing either the miR-338-3p sponge or a scrambled control vector
under the control of the CamKilo promoter (Fig. 4a). The AAV expressing the miR-338-3p
sponge that was injected into the MGv of WT mice was sufficient to increase Drd2 mRNA (Fig.
4b) and render the TC projections sensitive to haloperidol (Fig. 4¢). The excitatory neurons in
the MGv of WT mice were infected with AAVs expressing either the miR-338-3p sponge or a
scrambled control vector under the control of the CamKII¢ promoter (Fig. 4a). The miR-338-3p
sponge (right gray bar) increased Drd2 mRNA in the auditory thalamus relative to scrambled
control (left black bar) (Fig. 4b). The miR-338-3p sponge (gray) also rendered TC projections in
WT mice abnormally sensitive to haloperidol, whereas the scrambled control (black) did not
(Fig. 4¢). These experiments indicate that depletion of miR-338-3p is necessary and sufficient to
increase Drd2 expression in the thalamic-relay neurons and render TC projections to the ACx
sensitive to antipsychotics.

Because miR-338-3p appears to be a major miRNA controlling Drd2 expression in the
auditory thalamus, a mutant mouse lacking miR-338 (miR-338 KO mice) was generated (Fig.
4d). The miR-338 is an intragenic miRNA whose genomic locus is inside the seventh intron of
the Aatk (apoptosis-associated tyrosine kinase) gene. However, unlike miR-338-3p, Aatk
expression in the MGv was not affected by age (Fig. 10a) or miR-338 deletion (Fig. 10b; left
black bar corresponding to WT mice, middle dark gray bar corresponding to miR-338"" mice;
right light gray bar corresponding to miR-338" mice). The miR-338 KO mice lacked miR-338-
3p, miR-338-5p, and miR-3065 (both -3p and -5p species) (Fig. 10¢), whose genomic locus
overlaps with miR-338. However miR-338-5p, miR-3065-3p, and miR-3065-5p were not Drd2-
targeting miRNAs, as predicted by the microRNA target—prediction algorithms, and their
expression level in the auditory thalamus were 0% and 2.5% that of miR-338-3p (Fig. 10c; left
black bar corresponding to WT mice, middle dark gray bar corresponding to miR-338"" mice;
right light gray bar corresponding to miR-338" mice). The miR-338"" or miR-338"" mice
developed normally without any gross morphological abnormalities (Fig. 10d,10e; left black bar
corresponding to WT mice, middle dark gray bar corresponding to miR-338"" mice; right light
gray bar corresponding to miR-338" mice in 10e). Their Drd2 levels were inversely correlated
with miR-338-3p levels in the auditory thalamus (Fig. 4e; left black bar corresponding to WT

mice, middle dark gray bar corresponding to miR-338"" mice; right light gray bar corresponding
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to miR-338" mice), further indicating that miR-338-3p is the critical regulator of Drd?2

expression in the auditory thalamus.

Because miR-338-3p is depleted but not eliminated in Df{16)1/+ mice, TC synaptic
properties were tested in 4-month-old miR-338"" mice. Like that in Df(16)1/+ mice®, synaptic
transmission at TC projections was substantially disrupted in miR-338"" mice. The input—output
function, which were tested by electrical stimulation of TC projections, showed a significant (p
<0.01) decrease in TC EPSCs in miR-338"" mice (gray or white circles) compared to that in WT
mice (black circles) (Fig. 4f,4g). This disruption was specific to TC projections. The input—
output function tested by electrical stimulation of corticocortical (CC) projections in the same
slices did not differ between miR-338™" (white circles) and WT mice (black circles) (Fig. 4h).
The PPR of two consecutive electrically evoked EPSCs was substantially altered in TC but not
CC projections of miR-338"" mice (gray or white circles) compared to that in WT (black circles)
controls (Fig. 4i,4j). Specifically, Fig. 4i shows an increase in the PPR of two consecutive
electrically evoked EPSCs of the miR-338"" mice (top gray line, n=22) relative to WT mice
(bottom black line, n=26). In contrast, the NMDAR/AMPAR ratio (a measure of the
postsynaptic function) was normal in both TC and CC projections of miR-338"" mice (right gray
bars compared to WT, shown in left black bars) (Fig. 4k,4I). Because electrical stimulation of
the thalamic radiation may affect circuits other than TC projections79, TC projections were
activated more selectively using the optogenetic approach, To that end, AAVs expressing ChR2
under the control of CamKlIla were injected into the MGv of miR-338"" and WT littermates. TC
projections were then activated by using 473-nm light pulses (Fig. 4m). The input-output
relations and PPR (but not the NMDAR/AMPAR ratio of optically evoked EPSCs were
substantially decreased in 4-month-old miR-338"" mice (white circles or gray bars) compared to
that in WT littermates (black circles or black bars) (Fig. 4n-4p; data from WT mice shown in left
black bar and miR-338"" mice shown in right gray bar in p), which recapitulated the TC

disruption in 22q1 [DS mouse models.

EXAMPLE 5: miR-338 haploinsufficiency disrupts TC projections by

decreasing the probability of glutamate release from thalamic projections

The inventors have previously shown that the TC disruption of synaptic plasticity in

22q11DS mouse models was due to defective presynaptic function, which was in turn was
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caused by reduced probability of glutamate release from thalamic projections®. Abnormalities in
the input-output relation and PPR at TC projections of miR-338"" mice also suggested a deficit
in presynaptic function at TC glutamatergic synapses. To understand the nature of this deficit,
two-photon calcium imaging was performed in dendritic spines, which are the inputs of thalamic
projections onto thalamorecipient neurons in the ACx. L3/4 pyramidal neurons were loaded with
the calcium indicator Fluo-5F and cytoplasmic dye Alexa 594 (Fig. 5a) and dendritic spines that
responded to electrical stimulation of the thalamic radiation were identified (Fig. 5b). This
method enabled measurement of three factors that may contribute to the TC disruption: the
distribution of synaptic inputs on dendritic trees of postsynaptic neurons, the amplitudes of
calcium transients, and the probability of calcium transients at individual dendritic spines (a
proxy for the probability of neurotransmitter release measured at a single synaptic input)™ 5% 8!,
The distribution of active TC inputs on dendritic trees and the peak amplitudes of postsynaptic
calcium transients in miR-338"" mice (gray bars or white circles) were comparable to that in WT
mice (black) (Fig. 5c-5e), suggesting that TC development, pathfinding, synaptic targeting of
cortical neurons by TC projections, and postsynaptic glutamatergic receptor function were not
compromised in miR-338"" mice. However, the probability of calcium transients in dendritic
spines of thalamorecipient neurons in response to a low-frequency (0.1 Hz) train of stimuli was
deficient in miR-338"" mice (Fig. 5f). This result indicates that the depletion of miR-338
decreased the probability of glutamate release at TC projections, which underlies the TC

disruption in 22q11DS. Data from 27 WT mice shown in left black bars and data from 32 miR-
338" mice shown in right gray bars in Fig. 5d-5f.

EXAMPLE 6: miR-338 depletion eliminates the age dependency of TC disruption and PPI

The deletion of miR-338 was sufficient to upregulate Drd2 in the thalamus, which
suggested that depletion of only this miRNA underlies the abnormal sensitivity of TC projections
in 22q11DS to antipsychotics. To test this hypothesis, the sensitivity of TC projections in miR-
338" mice and WT mice was compared. First, it was determined that TC projections of miR-
338" (white) but not WT (black) mice were sensitive to the Drd2-specific antagonist L-741,626
(20 nM) (Fig. 6a). In miR-338"" mice, TC EPSCs substantially increased in response to L-
741,626, but that increase was not further elevated by haloperidol. Haloperidol alone increased
TC EPSCs in 4-month-old miR-338"" (white) mice (but not in WT (black) mice) to magnitudes
similar to those observed in Df{16)1/+ (white) or Dgcr8+/' (gray) mice, suggesting that
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haloperido!l’s effect in mutant TC projections was mediated by elevated expression of Drd2
receptors (Figs. 6b, 11a-11c¢). Similarly, other antipsychotics (i.e., clozapine and olanzapine)
increased TC EPSCs to similar magnitudes in miR-338"" mice (white) but not WT (black) mice
(Fig. 12a-12b).

Unlike Df{16)1/+ or Dger8™ mice, miR-338™" mice (white) became sensitive to
haloperidol in an age-independent manner (Figs. 6b, 11a-11¢). Furthermore, in young (2-month-
old) WT mice, TC projections became sensitive to haloperidol when the miR-338-3p sponge
(light gray) was expressed in the MGv (Fig. 13a,13b), indicating that depletion of miR-338-3p in
the MGv is sufficient for sensitivity to antipsychotics. TC sensitivity to haloperidol in 2-month-
old miR-338"" (white) mice was eliminated by expression of small inhibitory RNA (siRNA)
against Drd?2 (but not a control siRNA) in the MGv relative to WT (black) mice (Fig. 6¢,6d),
which further indicated that miR-338-3p is sufficient to regulate Drd2 in the thalamus regardless
of age. Similarly, miR-338"" mice (right gray bars) were deficient in PPI compared to that in
WT controls (left black bars), and this deficit was observed at all tested time points (1.5, 2, and 4
months) (Fig. 6e-6g). The defect in PPI was not caused by peripheral hearing defects because the
acoustic brainstem-response testing showed no differences between miR-338™ (white) and WT

(black) mice at these ages (Fig. 14a-14¢).

Like the TC projections in Dff16)I/+ mice and Dgcr8+/' mice, those in miR-338""
(white) mice showed abnormal sensitivity to haloperidol relative to WT (black) mice (Fig.
6a,6b; Fig. 11), or other antipsychotics (clozapine and olanzapine) (Fig. 12a-12b; data from WT
mice shown in black and data from miR-338"" mice shown in white), and that sensitivity was
mediated by Drd2 receptors. Indeed, TC EPSCs were substantially increased in the presence of
the specific Drd2 inhibitor L-741,626 (20 nM), and this increase was not further elevated by
haloperidol (Fig. 6a). Haloperidol alone also increased TC EPSCs in 4-month-old miR-338*"
(white) mice relative to WT (black) mice (Fig. 11a) to magnitudes similar to that observed in
Df(16)1/+ or Dgcr8+/' mice (p >0.05). However, in contrast to Df{76)1/+ or Dgcr8+’/_ mice,
miR-338"" mice became sensitive to haloperidol in an age-independent manner (Fig. 6b; Fig.
11a-11c; in these figures, data from WT mice are represented in black while data from miR-
338" mice are represented in white), Furthermore, TC projections became sensitive to
haloperidol in 2-month-old WT mice when the miR-338-3p sponge (light gray) but not the
scrambled control (black) was expressed in the MGv (Fig. 13a,13b). TC sensitivity to
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haloperidol in 2-month-old miR-338"" (white) mice was eliminated by local MGv expression
short hairpin RNA (shRNA) against Drd2 (but not control shRNA) relative to WT (black) mice
(Fig. 6¢, 6d). Similarly, miR-338"" mice (right gray bars) were deficient in PPI compared to
WT controls (left black bars), and this deficit was observed at early time points (1.5, 2 and 4
months) (Fig. 6e-6h). Acoustic brainstem response (ABR) showed no hearing deficits in miR-

338" (white) mice at these ages relative to WT (black) mice (Fig. 14).

EXAMPLE 7: Prepulse Inhibition (PPI) in miR-338 Mice

Mouse behavioral tests. PPI experiments were performed as previously described®,
Briefly, each day before testing, the mice were allowed a il hour habituation period in the testing
room, after being transported from the animal-housing room. Before experiments were initiated,
the mice were allowed to acclimate to the Plexiglas restraint chamber (6 cm *x 6 cm % 4.8 cm) for
20 min. The mice had a 5-min acclimation period to a 65-dB background white noise, which
played throughout the session. For PPI experiments, three acoustic startles (8 kHz, 120 dB, 40
ms) were delivered separated by a 15-s intertrial interval. The testing session consisted of 39
trials of 5 trial types: pulse-alone in which the startle pulse was presented, the combination of a
40-ms prepulse (74 dB, 82 dB, or 90 dB) in WT and Dgcr8™ littermates and (70 dB, 80 dB, 90
dB) in WT and miR-338"" littermates and preceding the startle pulse by 100 ms, and no stimuli.
Trials were separated by 15 s and presented in a pseudo-random order. PPI was calculated as
follows: 100 x (pulse-alone response — prepulse + pulse response)/pulse-alone response.

miR-338"" mice (right gray bars) were deficient in PPI compared to WT controls (left
gray bars), and this deficit was observed at carly time points (1.5 and 2 months) (Fig. 6e,6f).
Acoustic brainstem response (ABR) showed no hearing deficits in miR-338"" (white) mice at

these ages relative to WT (black) mice (Fig. 14a-14c).

EXAMPLE 8: Nasal Delivery of miR-338-3p Mimic

The miR-338-3p mimic (double-stranded synthetic RNA, 22nt in length)
UCCAGCAUCAGUGAUUUUGUUG (SEQ ID NO: 1; the same sequence as the sequence of
the mature miR-338-3p) was purchased from GE Dharmacon (Cat# ¢-310547-07-0020). The
mimic was resuspended in nuclease-free water to make a stock solution at 1.41 pg/ul. The
working solution was 0.25 pg/ul in PBS (PBS: 137 mM NaCl, 2.7 mM KCI, 4.3 mM Na;HPOy4,
1.47 mM KH,PO,, pH of 7.4). 10 pul of working solution was intranasally injected to each nostril
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of a mouse. miR-338-3p levels were then measured at different time points in different brain
regions using quantitative RT-PCR (qRT-PCR). It was found that the miR-338-3p mimic
accumulates in the thalamus but not hippocampus or cortex or striatum after 10 minutes after

delivery.

Conclusions

These data indicate that miR-338-3p is the miRNA that mediates the DgcrS8—miRNA-
Drd2 pathogenic pathway in TC projections to the ACx. Dgcr8 haploinsufficiency in 22q11DS
depletes this thalamus-enriched miRNA, which leads to Drd2 upregulation in thalamic-relay
neurons. Several studies have indicated that drug-naive schizophrenic patients have elevated
levels of DRD2s in their brains®?*. Drd2 upregulation leads to deficits in TC synaptic
transmission and acoustic startle and also renders TC projections sensitive to antipsychotics.
Antipsychotics that effectively treat only positive symptoms but not cognitive or negative
symptoms of the disease®, eliminate synaptic deficits at TC projections and acoustic-startle

8. Although miR-338-3p is depleted from the auditory thalamus at

deficiency in 22q11DS mice
all ages in 22q11DS mice, it declines even more with age and reaches a low enough level in
young adult 22q11DS mice to trigger Drd2 upregulation and TC and acoustic-startle
deficiencies. This suggests that miR-338-3p is the key regulator of the late onset of positive
symptoms of 22q1 1DS-associated schizophrenia. Antipsychotics alleviate positive symptoms of
schizophrenia through systemic inhibition of DRD2, which is accompanied by multiple and

230 The data provided herein suggest that replenishing miR-

sometimes devastating side effects
338-3p in the thalamus of schizophrenic patients could be a promising and more tolerable

therapeutic approach to treating schizophrenia-associated psychosis.

The recent identification of disrupted glutamatergic synaptic transmission at thalamic

? suggests that TC disruption could be a pathogenic

inputs to the ACx in 22ql11DS mice’
mechanism that mediates the susceptibility to positive psychotic symptoms in 22q11DS-related
schizophrenia for the following reasons: 1) TC disruption in 22q11DS mice is rescued by
antipsychotic medications that are Drd2 antagonists and effectively treat predominantly
psychotic symptoms but not cognitive or negative symptoms of schizophrenia82'84. This
disruption was specific to auditory TC projections and was not observed at other glutamatergic

projections (i.e., hippocampal, corticocortical, or corticofugal projections) that may be involved
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in cognitive, social, or motivational tasks. 2) TC disruption in 22q11DS mice is caused by
abnormal elevation of Drd2 mRNA and Drd2 protein levels in the TC neurons in the thalamus, a
brain region previously linked to psychotic symptoms of schizophrenia®®. The increase in
dopamine signaling in the thalamus was also described in schizophrenic patients®®, and studies
have indicated that drug-naive schizophrenic patients have elevated levels of DRD2s in other
brain regionsgo’ ' Furthermore, theoretical and empirical studies have proposed that deficient
connectivity and abnormal patterns of activity in TC projections contribute to the pathogenesis of
the disease’*'®'. Moreover, a local ischemic infarction that disrupts auditory TC projections in a
nonpsychotic patient can cause auditory hallucinations'®?, 3) Sensitivity to antipsychotics is
observed in the auditory but not the visual or somatosensory TC projections of 22q11DS mice,
which is consistent with clinical observations of the substantially higher prevalence of auditory
hallucinations, compared with that of hallucinations in other sensory modalities, in
schizophrenia“’ 103-103 Neuroimaging and electrophysiological studies in schizophrenia patients
have shown abnormal activation of the auditory thalamus and ACx during auditory

33-37, 5T, 106-112, 4y Drd2 elevation only in the auditory thalamus of 22q11DS mice

hallucinations
was sufficient to reduce the PPI of the acoustic startle response’, the behavioral endophenotype
characteristic of patients with one of several psychiatric diseases, including 22ql11DS and

schizop]1renia75’ He,

Here it was shown that the disruption of synaptic transmission at auditory TC projections
recapitulates another prominent feature of psychotic symptoms. The TC disruption in 22q11DS
mice becomes evident only in late juvenile or adult mice, which mirrors clinical manifestations
of psychosis in patients with 22ql1DS or schizophrenia during late adolescence or early
adulthood, typically between the ages of 16 and 30 years®" "%, This age-dependent TC decrease
in synaptic function is evident in Df(16)//+ mice, which carry a large microdeletion, and in
Dgcr8™" mice, further strengthening the case that Dgcr8 is the culprit gene, and its

haploinsufficiency underlies auditory abnormalities in 22q11DS.

Previous work established that the deletion of one copy of Dgcr8 leads to the elevation of
Drd2 in the auditory thalamus®. Because Dger$ is part of the miRNA-processing machinery, it
was hypothesized that a Dgcr8—miRNA—-Drd2 mechanism underlies the disruption of TC
synaptic transmission. Here miR-338-3p was identified as the mediator of this mechanism. It is

also shown herein that miR-338-3p negatively regulated the level of Drd2 in the thalamus.
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Replenishing miR-338-3p in the thalamus eliminated deficient TC synaptic transmission and
abnormal antipsychotic sensitivity of TC projections in 22q11DS mice, and the deletion or
auditory thalamus—specific knockdown of miR-338-3p mimicked TC disruption of synaptic
transmission and antipsychotic sensitivity in WT mice. Depletion of miR-338-3p is therefore
necessary and sufficient to upregulate Drd2, which in turn, reduces glutamate release from
thalamic projections, reduces TC synaptic transmission, and renders TC projections sensitive to

antipsychotics.

One copy of Dgcr8§ is deleted in 22q11DS, in all cells at all ages, so it is unclear why
synaptic disruption occurs in projections emanating only from the thalamus and only later in life.
The regional specificity most likely arises from the fact that miR-338-3p is substantially enriched
in the auditory thalamus compared to other tested brain regions, such as the cortex or
hippocampus. Explaining why miR-338-3p is thalamus-enriched will require further
investigation. It was also determined that the expression of miR-338-3p is regulated in an age-
dependent manner. Although miR-338-3p is depleted in the auditory thalamus in 22q11DS mice
at all ages, compared to WT mice, it declines further with age in both 22q11DS and WT mice.
Therefore, miR-338-3p expression may be controlled by a combination of Dgcr§- and age-
dependent mechanisms. Although it may be possible that Dgcr8 haploinsufficiency reduced the
levels of miRNAs, the mechanism of age-dependent miRNA decline is unknown. In the context
of Drd2 regulation, a minimal threshold of miR-338-3p expression probably triggers the
overexpression of Drd2. In WT mice, miR-338-3p declines during the first few months of life,
but it may not reach that threshold. However, in 22q11DS mice, Dgcr8 haploinsufficiency and
age-dependent decline in miRNA production drives the miR-338-3p level below this threshold,
triggers the elevation of Drd2 in the thalamus, and causes TC synaptic and behavioral

deficiencies.

The data provided herein implicate thalamus-enriched miR-338-3p as the key mediator of
disruption of synaptic transmission at TC projections and the regulator of the late onset of
auditory symptoms of 22q11DS. These data also suggest that replenishment of miR-338-3p in the
thalamus could be a more tolerable therapeutic approach for positive symptoms. Current therapy
relies upon antipsychotics to alleviate psychosis in schizophrenic patients -through systemic
inhibition of DRD2, which is accompanied by multiplé, and sometimes devastating, side

effects®® ', Given that the seed sites of miR-338-3p are conserved between mice and humans
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and miR-338-3p is depleted in the thalamus of mouse models of 22q11DS and schizophrenic

patients, this strategy is potentially applicable to patients. Thus, these results suggest that miR-

338-3p is a potential therapeutic target for treating positive symptoms of 22q11DS and related

cases of schizophrenia.

Table 1

Altered miRNA levels in the auditory thalamus of 2- and 4-month-old Df{16)1/+ and Dgcr8+/ -

mice compared to respective WT littermates

2 months 4 months
miRNA | Df(16)1/+, | DA16)1/ Dger8™, | Dger8™ | Df{16)1/+, | Dft16)I/+ | Dgar8™”, | Dger8™",
1D log,(FC) +, -lgP log,(FC) -, -lgP log,(FC) , -lgP log,(FC) -lgP
111;1.;{1:]7 -1.64858 | 7.33282 -0.38928 | 4.36128 -1,78536 | 13.30000 -0.50611 | 5.60000
3’;(1)1-2;p -0.45282 | 4.25303 -041144 | 4.74020 -0.52815 7.67000 -0.43201 | 6.34000
31;;{6.;;7 -0.52811 | 2.34417 -0.57980 | 6.79574 -0.49632 5.72000 -0.56681 | 4.75000
3’.;1;55?_17 -0.43430 | 3.43963 -0.44315 | 3.97221 -0.49290 4.79000 -0.38033 [ 5.28000
8,;1:11-2.;1) -0.22839 1.35784 -0.36327 | 6.04564 -0.42984 3.50689 -0.32809 | 3.01403
11.’51;{{5-17 -0.29580 | 2.62959 -0.15935 | 1.22879 -0.42306 5.32000 -0.42340 | 3.84858
4’;75{{.;p -0.29997 | 3.33885 -0.30096 | 4.76328 -0.40860 2.66448 -0.28810 [ 2.79992
3{;’;{3} -0.72594 | 3.88408 -0.53059 | 4.67241 -0.40453 3.51575 -0.56095 [ 5.32000
1’;14;{25-]) -0.09643 0.49292 -0.19463 | 2.31803 -0.39231 4.47000 -0.14971 1.17787
4,;121{{3-10 -0.26047 1.19135 -0.02458 | 0.15986 -0.38210 2.74342 -0.49977 | 5.77000
lgl;{e_;p -0.30806 | 3.30560 -0.35820 | 4.20053 -0.36877 4.54000 -0.29587 | 3.81030
3;’(151£;'p -0.44510 | 2.65559 -0.37691 | 3.55672 -0.36565 2.38980 -0.25579 | 3.25004
4”91}1_23‘1) -0.02866 | 0.17304 -0.02291 | 0.16779 -0.36420 2.31817 -0.28696 | 3.82584
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2 months 4 months

miRNA | Df(16)1/+, | Df(16)1/ Dger8™, | Dger8™ | Df(16)1/+, | DA(16)1/+ | Dger8™, | Dger8™,

II? log,(FC) +, -lgP log(FC) -, -lgP logy(FC) , -lgP log.(FC) -lgP
8;;;}?-_5,) -0.39810 | 222932 | -0.46513 | 2.86648 -0.35986 | 3.16223 |  -0.44403 | 3.82988
3219[(5-@ -0.02597 | 0.03877 | -0.29050 | 2.03499 -0.35799 | 117895 | -0.12968 | 0.58938
6”71-;}-?517 -0.40665 | 2.47569 | -0.26268 | 3.18660 -0.34936 | 3.18669 | -0.38926 | 4.33000
4’71’{25-,) -0.52946 | 545327 | -0.48809 | 5.03545 -0.34928 | 2.50056 | -0.51329 | 5.49000
9?117{{5_,; 0.04461 | 0.17949 | -0.16827 | 2.00753 -0.34897 | 3.38707 |  -0.14851 | 1.83458
3?;1}5-;; -0.26047 | 224137 | -0.18554 | 2.30066 -0.34870 | 491000 |  -0.24978 | 3.89852
322;1}3-;9 -0.24355 | 1.77885 |  -0.24290 | 2.95254 -0.33562 | 6.25000 |  -0.30452 | 4.68000
3’3{"5{; -0.19175 | 136799 |  -0.10823 | 0.99242 -0.33405 | 3.04168 |  -0.21677 | 2.55006
61;%5-;7 -0.17303 | 119746 | -0.17643 | 2.94184 -0.33270 | 440000 |  -0.16778 | 3.25601
4’(;?;}-?5—10 -0.00195 | 0.00805 | -0.02020 | 0.21260 -0.32913 | 2.05711 | -0.25677 | 2.89363
3?;{{3-,; -0.37096 | 1.82575| -0.37050 | 4.17116 -0.32876 | 297886 | -0.36882 | 3.56822
2’7;-25-,; -0.17671 | 0.99892 | -0.11072 | 1.71566 -0.31911 | 428000 | -0.30454 | 2.68477
2’;11171-{3-;; -0.04949 | 0.17414 | -0.08396 | 0.44242 -0.30721 | 257126 |  -0.08052 | 0.23717
5’;1;1-?3-;; 0.14778 | 0.70416 0.00498 | 0.03638 -0.29926 | 4.58000 | -0.35779 | 3.54966
ml};ji 022723 | 1.88239 | -0.27461 | 2.63331 -0.29755 | 3.10974 | -0.32216 | 2.98604
3?51)1-{3} -0.56459 | 221457 | -0.41486 | 3.46643 -0.27725 | 171625 | -0.55649 | 4.08000
14’:91171?-3;; -0.34932 | 2.27549 | -0.20795 | 2.63388 -0.27550 | 174510 | -0.33757 | 5.00000
11;1;{25_;; -0.09379 | 047169 | -0.15267 | 2.72667 -0.27550 |  3.62664 | -0.11857 | 1.85538
2’;%{{5-,) -0.24707 | 0.70032 0.13979 | 0.47249 -0.27438 | 2.96830 | -0.03437 | 0.15228
1;51171%-317 -0.16519 | 1.40819 | -0.29858 | 3.87589 -0.27129 | 5.18000 | -0.33165 | 6.06000
3’3’1;1}3-,; -0.27610 | 275741 | -0.25452 | 2.60266 -0.26460 | 3.51172 | -0.42086 | 6.19000
2551;15-5;; -0.64210 | 295443 | -0.40837 | 3.10344 -0.26125 | 2.45913 | -0.44087 | 5.20000
4'(’)];}-?5} -0.34006 | 2.92694 | -0.39965 | 2.87777 025815 | 183035 | -0.45668 | 6.03000
3 ;’Zc}f‘)’p -0.40264 | 1.96791 | -0.42464 | 3.88306 -0.25437 | 192815 | -0.41823 | 2.04837
3722”-?3—;; -0.40304 | 1.70048 | -0.09342 | 0.44505 -0.24979 | 3.65603 | -0.22090 | 1.98880

miR- -0.30107 | 291016 | -0.35764 | 4.56001 -0.24543 | 226635 | -0.28238 | 3.74804
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2 months 4 months
miRNA | Df(16)i/+, | Df(16)1/ Dger8™”, | Dger8™ | Dft16)1/+, | D16)1/+ | Dger8™, | Dger8™,
1D log,(FC) +, -1gP log»(FC) -, -lgP log,(FC) , -lgP log,(FC) -lgP
382-5p
miR-
2la-5p -0.22531 1.42508 0.00924 | 0.06228 -0.23955 2.13251 -0.11702 [ 1.30260
3 ;’gf;p -0.09892 | 0.28496 -0.18501 | 2.43253 -0.23859 1.35479 -0.19665 | 1.25410
47;1(1?1-%3—;; -0.04583 | 0.26667 -0.14896 | 0.98136 -0.23242 1.70776 -0.43218 | 5.01000
3:;121{{5; -021794 | 1.92872 -0.16890 | 1.89499 -0.23210 1.18307 -0.35547 | 4.17000
3’:;.;{23-13 -0.30374 1.52055 -0.46348 | 4.30075 -0.22559 1.61458 -0.23434 | 2.68110
5’.;1.;}-2.5:;7 -0.33157 | 5.00883 -0.28830 | 2.44847 -0.22199 2.52259 -0.29624 | 2.28342
”11§;J98- -0.36761 1.74004 -0.18848 | 2.26707 -0,.21721 1.25601 -0.21391 1.76160
35’;§}p -0.21737 | 2.06707 -0.14584 | 1.67723 -0.21292 2.69576 -0.19259 | 3.33974
1’;?1.;1-%5—1; -0.32267 | 233187 -0.08968 | 0.89149 -0.21239 2.14488 -0.24133 | 2.15092
8’;;{e.‘)jp -0.18357 | 0.79526 -0.09993 | 1.07675 -0.20736 | 2.41490 -0.17490 | 3.89565
3 ;glf}p -0.47709 | 2.32419 -0.32841 | 2.75823 -0.20095 0.91922 -0.24448 | 2.36934
3’.7515{{3:p -0.50643 | 2.16582 -0.17792 | 1.73452 -0.18231 1.24276 -0.45051 | 3.77820
4’_;1;{?3-;) 0.02348 0.14990 -0.20844 | 1.35941 -0.17600 1.71161 -0.36166 | 4.45000
"”];;722‘ -0.17417 | 0.88726 -0.29421 | 2.71705 -0.17220 1.29505 -0.24582 | 1.44913
7’;(1)]-1.;;7 -0.20164 | 0.92219 -0.30581 | 3.22754 -0.16802 0.62078 -0.11425 | 0.67675
522.;{2;7 -0.17027 0.85234 -0.04392 | 0.30919 -0.16405 1.21733 -0.35518 | 4.01000
65I:zlg:ip -0.33039 [ 2.00301 -0.23601 | 4.26359 -0.16165 1.32809 -0.17128 | 4.92000
3’4711(17{33-1) -0.58892 | 1.61555 -0.36654 | 3.89266 -0.15710 0.69413 -0.41571 | 4.87000
3’;;§;p -0.33963 | 2.23645 -0.29085 | 1.42202 -0.14901 0.55745 -0.36775 | 4.75000
514'12(1){;-;7 -0.21736 | 2.59828 -0.29546 | 4.01680 -0.14786 1.95629 -0.13382 | 2.68864
321.;{?.;;7 -0.29095 | 3.39477 -0.28231 | 3.63211 -0.13984 1.73710 -0.32907 | 4.37000
51;;{{3-1) -0.52025 | 1.88248 -0.20415 | 1.18458 -0.13708 0.49131 -0.27125 | 2.69229
miR-30e-
3p -0.19170 | 1.94879 -0.32848 | 5.22315 -0.13560 0.56633 -0.18913 | 4.03000
32%2]7 -0.51339 | 2.83322 -0.31588 | 2.22996 -0.13458 0.53658 -0.33725 [ 3.23072
8’%]—2 -0.30866 | 2.73200 -0.27909 | 2.60025 -0.13349 0.70013 -0.28532 | 2.58680
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2 months 4 months

miRNA | Df(16)i/+, | Df16)1/ Dger8™, | Dger8™ | DR(I6)1/+, | Df(16)1/+ | Dger8™, | Dger8™,

II? log,(FC) +, -lgP log>(FC) ", -lgP log,(FC) , -lgP log,(FC) -IgP
5%?;1 0.15738 | 0.75091 | -0.02917 | 0.18579 -0.12873 |  2.21882 |  -0.25609 | 3.35299
6’;.;.1-2.;p -0.20029 | 2.88575| -0.28012 | 2.12609 -0.11825 | 1.11673 | -0.22881 | 2.48098
3’?6153_;; -0.39108 | 224233 | -0.38498 | 2.84318 -0.10938 | 091829 | -0.15479 | 0.64601
mlzjf};a- -0.32283 | 146454 |  -0.09042 | 0.60102 -0.10342 | 051267 | -0.19373 | 2.15481
1?;{13-,) -0.49966 | 2.01114 | -0.22055 | 2.21980 -0.09424 |  0.48481 |  -0.19292 | 3.36326
3%{?3‘;; -0.21497 | 2.16166 | -0.28879 | 5.91856 -0.08758 | 0.86134 |  -0.21315 | 4.12000
7'(})1(;{25-,9 -0.13213 | 1.19633 | -0.27051 | 3.62166 -0.08592 | 1.09677 |  -0.09455 | 1.94207
5’4711;1-25_;; -0.38645 | 246292 |  -0.34754 | 4.12669 -0.07760 | 0.94494 |  -0.08278 | 1.30955

,1,,(;5; 0.27858 | 2.18624 0.31776 | 1.59982 -0.07710 | 0.36636 0.20538 | 1.38773
””1;;722- -0.24476 | 130886 | -0.16246 | 1.64132 -0.07575 |  0.45060 | -0.17362 | 2.12231
132{{3-;7 -0.23693 | 0.78101 | -0.08546 | 0.57698 -0.06132 | 0.65616 |  -0.14752 | 2.10755
3?5}-23-;; -0.44909 | 2.08070 | -0.15171 | 1.11672 -0.05920 | 0.18686 | -0.31600 | 3.42649
4'.;1;33:;) -0.30094 | 3.25247 | -0.27174 | 3.46697 -0.05856 | 0.97021 | -0.09711 | 1.62695
417;{{3-;) -0.49774 | 3.28048 | -0.53228 | 7.26456 -0.05174 | 0.98963 | -0.12142 | 1.79691
3’4’:&{{5}; -0.23181 | 3.15968 | -0.19143 | 2.68474 -0.04945 |  0.49158 |  -0.19230 | 2.64636
1,;3{{5_;; -0.15874 | 1.94310 |  -0.30419 | 3.44445 -0.04745 | 0.27636 | -0.15579 | 3.03991
Jé’éf-sp -0.29029 | 233972 | -0.31362 | 2.85912 -0.04481 | 0.26848 | -0.16720 | 1.34855
521:1{25—[; -0.22132 | 2.62262 | -0.21683 | 2.93229 -0.03407 | 0.34004 0.06247 | 1.25639

'3735} 0.24013 | 2.35467 0.17376 | 0.93282 -0.02954 | 0.19798 0.04906 | 0.25493
]l;];{z.;p 0.09333 | 1.02888 0.24249 | 2.60388 -0.02659 | 0.10003 0.15764 | 2.03132
321;}-25-1; -0.07092 | 0.19498 0.50004 | 2.28343 -0.02252 |  0.07289 0.09950 | 0.28604
45gﬁ-3p -0.34340 | 1.91396 | -0.24799 | 3.73538 -0.02130 | 0.16834 0.03649 | 0.39580
4’3513{{3—;; -0.34725 | 2.58636 | -0.49010 | 4.49122 -0.01837 | 0.14513 | -0.00318 | 0.02532
3?;{;—,; -0.29798 | 2.75084 |  -0.20560 | 3.02902 -0.01683 | 0.12972 | -0.13894 | 1.12976
4’;1(1){{3—,) -0.30625 | 2.73738 | -0.28681 | 2.82531 -0.01141 |  0.06426 0.01475 | 0.22898

miR- -0.21411 | 2.19625 | -0.10800 | 0.90341 -0.00413 | 0.03477 |  -0.06633 | 0.58312

76




WO 2017/004381 PCT/US2016/040414
2 months 4 months

miRNA | Df(16)i/+, | Df(16)1/ | Dger8™, | Dger8™ | Dft16)I/+, | Df(16)1/+ | Dger8™, | Dgers™,

1D log,(FC) +, -lgP loga(FC) -, -lgP log,(FC) , -lgP log,(FC) -lgP
383-3p

miR-

30d-5p 0.33931 | 2.55178 0.17116 | 2.38771 -0.00367 | 0.02251 0.11727 | 1.93914
4?%1}3_,; -0.20675 | 230971 | -0.33473 | 2.45405 -0.00313 | 0.02364 0.03016 | 0.18918

?1{?5 0.20246 | 2.67639 | -0.00745 | 0.02773 0.00103 | 0.00609 0.03125 | 0.37387
31(})7%?5-;; 0.21787 | 1.36947 0.13590 | 3.77359 0.00838 |  0.03681 0.14345 | 2.58741
5’.;1_;{23-p -0.20336 | 1.72588 | -0.18918 | 2.24134 0.01114 | 0.07689 | -0.04412 | 0.37793
miR-484 0.25507 | 173495 0.20172 | 2.80090 0.01339 |  0.06238 0.20716 | 1.28962
3’;(1)?3.;; 0.18748 | 1.13071 0.20191 | 2.59032 0.03484 | 0.34162 0.13569 | 2.03130

11’19155-2 0.13067 | 0.60288 0.24027 | 3.36284 0.03821 | 0.30417 0.20394 | 1.98905
JQ;i}p 0.29640 | 1.90275 0.10266 | 0.68995 0.03930 |  0.29418 0.28082 | 2.05517

?1'11?5 0.17465 | 1.32435 0.26507 | 2.11748 0.04429 | 0.50059 0.07877 | 1.09644
3’(7)11:1}3-;; 0.20526 | 230825 |  -0.00929 | 0.07818 0.04585 | 0.55115 0.02587 | 0.22431
3:;?:1-{3_;; -0.21385 | 2.65583 | -0.14759 | 1.48268 0.05088 | 0.38527 |  -0.03325 | 0.25394
4é’(151}11$p 0.37225 | 2.17701 0.18741 | 0.69264 0.05243 | 0.21414 0.23517 | 1.46279
3Igfs-p 0.20022 | 136951 0.14473 | 2.40011 0.05288 |  0.47115 0.09631 | 1.42419
2;71;]?—3,0 0.21574 | 0.85559 0.01851 | 0.09757 0.05999 |  0.51289 0.11816 | 2.21480
1’)11:9155_17 0.24201 | 1.26108 0.24245 | 1.18070 0.07062 | 0.50990 0.24937 | 2.36667

Z’éﬁ,’, -0.03443 | 0.19165 0.00754 | 0.03275 0.07976 |  0.67927 0.24220 | 2.14081
35’;121; 0.13470 | 0.25902 0.12509 | 0.30716 0.08752 | 0.56557 0.28766 | 2.68193
sigzlﬁp -0.36581 | 3.16016 | -0.28702 | 2.84446 0.09241 | 0.34283 0.31655 | 1.92822
1’.;1;1-{3_,; 0.31162 | 0.92037 0.22463 | 1.39840 0.12760 |  0.45312 0.24279 | 2.46742
7,7.;{2.;1) 0.19497 | 0.80946 0.27763 | 2.87037 0.13836 | 097133 0.13884 | 1.10864
2(%%,0 0.10958 | 0.54329 | -0.20610 | 2.17228 0.14003 |  0.80942 |  -0.04499 | 0.47935
51”}171?-5;; -0.03307 | 0.09115 | -0.00820 | 0.04658 0.15792 | 2.05862 0.20996 | 1.07294
6'(;1;1-23-;7 0.19179 | 106561 0.20097 | 3.46731 0.16058 |  1.14929 0.23420 | 2.64985
13’;}1?-3;; 0.25216 | 3.41325 0.26724 | 2.10524 0.16076 | 143355 0.16703 | 1.60822
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2 months 4 months

miRNA | Df(16)1/+, | Dft16)1/ | Dger8™, | Dger8” | Df16)i/+, | D(16)1/+ | Dger8™, | Dger8™,
1D log,(FC) +, -lgP loga(FC) -, -lgP log,(FC) , -lgP log,(FC) -lgP
miR-705 0.26694 1.80529 0.34896 | 2.29776 0.17633 1.54490 0.18320 1.05974
miR-

1843a-

Sp 0.10436 | 0.49439 0.11951 | 0.86070 0.17902 1.43543 0.28283 | 3.79383
miR- .
3095-3p 0.74549 | 2.33919 0.41334 | 1.36465 0.18069 1.12351 0.30474 | 1.03585
miR-
3096b-

3p 0.24325 3.51385 0.19245 | 4.17219 0.18643 3.05684 0.17585 | 2.29537
miR-

5113 0.76604 | 3.36870 0.38103 | 1.67553 0.20310 1.45130 0.20785 | 2.30914
miR-
677-3p 0.21203 1.05257 0.21105 | 2.54872 0.21137 2.38834 0.29067 | 297121
miR-
335-5p -0.42834 | 3.19848 -0.18503 | 0.86468 0.22218 1.04593 -0.22129 | 2.07806
miR-
1839-3p 0.12067 1.97001 0.18008 | 2.61633 0.22866 2.69554 0.12984 | 1.39494
miR-

6402 -0.02151 0.04380 0.24261 | 0.49376 0.25885 1.56379 0.25769 | 2.72355
miR-

6412 -0.15807 0.24032 0.02169 | 0.02769 0.30325 2.25994 0.02768 | 0.14334
miR-
1839-5p 0.18314 1.23480 0.20845 | 3.05761 0.30469 3.45981 0.16534 [ 3.75248
miR-
3102-3p 0.16636 1.08130 0.35127 | 4.01560 0.31541 2.93383 0.28527 | 4.06000
miR-
344b-3p 0.06893 0.36837 0.16621 { 1.33117 0.43851 2.15959 0.26669 | 4.20000
miR-
135a-5p -0.17353 0.30923 -0.00480 { 0.01079 0.56360 2.62229 0.30957 1.09472
miR-
135a-2-

3p 0.04867 | 0.22692 0.10553 | 0.51050 0.57250 2.50032 0.09612 | 0.81124
miR-7b-

Sp 0.12388 0.43545 0.05651 | 0.12626 0.64985 2.30313 0.15830 | 0.78228

"Only miRNAs with p<0.01 and logx(FC) > + 0.2 for either 2 or 4 months in Df{16)1/+ or
Dger8™™ mutants are shown. FC, fold change in mutant vs. WT mice. Bold, miRNAs predicted
to target Drd2 transcripts,

The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus
and are accessible through GEO  Series accession number GSE73981

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=cpwxugcwdzsdhax&acc=GSE73981.
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The present invention is not to be limited in scope by the specific embodiments described

herein. Indeed, various modifications of the invention in addition to those described herein will

become apparent to those skilled in the art from the foregoing description. Such modifications

are intended to fall within the scope of the appended claims.

All patents, applications, publications, test methods, literature, and other materials cited

herein are hereby incorporated by reference in their entirety as if physically present in this

specification.
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LIST OF SEQUENCES

SEQID | Type Source Sequence Description

NO:

1 RNA Homo UCCAGCAUCAGUGAUUUUGUUG mature miR-338-3p

sapiens

2 DNA Synthetic TCCAGCATCAGTGATTTTGTTG forward primer for mmu-
miR-338-3p analysis

3 DNA Synthetic TTTTTCATTATTGCTCCTGACC forward primer for mmu-
miR-335-3p analysis

4 DNA Synthetic TCAAGA GCAATAACGAAAAATGT forward primer for mmu-
miR-335-5p analysis

5 DNA Synthetic TCAGCTCCTATATGATG CCTTT forward primer for mmu-
miR-337-3p analysis

6 DNA Synthetic CGGCGTCATGCAGGAGTTGATT forward primer for mmu-
miR-337-5p analysis

7 DNA Synthetic TCAACAAAATCACTGATGCTGG forward primer for mmu-
miR-3065-5p analysis

8 DNA Synthetic TCAGCACCAGGATATTGTTGGGGm forward primer for mmu-
miR-3065-3p analysis

9 DNA Synthetic GGATGTCATGATGTGCACAGC Drd2 forward primer for
mRNA analysis

10 DNA Synthetic CGCTTGCGGAGAACGATG Drd2 reverse primer for

' mRNA analysis

i1 DNA Synthetic ATGCTGGCCTGCCTGTGTTGT Aatk forward primer

12 DNA Synthetic AGGGGCAGGACATACACATCGG Aatk reverse primer

13 DNA Synthetic CGCTTCGGCAGCACATATAC U6 snRNA forward primer

14 DNA Synthetic TTCACGAATTTGCGTGTCAT U6 snRNA reverse primer

15 DNA Synthetic CTTTTGAACCCTTTTCCATCTG SnoRNA202 primer

16 DNA Synthetic TTAACAAAAATTCGTCACTACCA SnoRNA234 primer

17 DNA Synthetic GTACAGCTGTTGACAGTGAGCGACTCCA | miR-338-3p-1 primer
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SEQID | Type Source Sequence Description

NO:
GCATCAGTGATTTTGTTGTGTGAA

18 DNA Synthetic CCATCTGTGGCTTCACACAACAAAATCA | miR-338-3p-2 primer
CTGATGCTGGAGTCGCTCACTGTCAACA
GCT

19 DNA Synthetic GCCACAGATGGCAACAAAATCTGATGCT | miR-338-3p-3 primer
GGAGCTGCCTACTGCCTCGGAA

20 DNA Synthetic AGCTTTCCGAGGCAGTAGGCAGCTCCAG | miR-338-3p-4 primer
CATCAGATTTTGTTG

21 DNA Synthetic GTACAGCTGTTGACAGTGAGCGACTCAG | miR-337-3p-1 primer
CTCCTATATGATGCCTTTTGTGAA

22 DNA Synthetic CCATCTGTGGCTTCACAAAAGGCATCAT | miR-337-3p-2 primer
ATAGGAGCTGAGTCGCTCACTGTCAACA
GCT

23 DNA Synthetic GCCACAGATGGAAAGGCATCATAGGAGC | miR-337-3p-3 primer
TGAGCTGCCTACTGCCTCGGAA

24 DNA Synthetic AGCTTTCCGAGGCAGTAGGCAGCTCAGC | miR-337-3p-4 primer
TCCTATGATGCCTTT

25 DNA Synthetic GTACAGCTGTTGACAGTGAGCGACCGGC | miR-337-5p-1 primer
GTCATGCAGGAGTTGATTTGTGAA

26 DNA Synthetic CCATCTGTGGCTTCACAAATCAACTCCTG | miR-337-5p-2 primer
CATGACGCCGGTCGCTCACTGTCAACAG
CT

27 DNA Synthetic GCCACAGATGGAATCAACTCGCATGACG | miR-337-5p-3 primer
CCGGCTGCCTACTGCCTCGGAA

28 DNA Synthetic AGCTTTCCGAGGCAGTAGGCAGCCGGCG | miR-337-5p-4 primer
TCATGCGAGTTGATT (SEQ ID NO:28)

29 DNA Synthetic GTACAGCTGTTGACAGTGAGCGACTTTTT | miR-335-3p-1 primer
CATTATTGCTCCTGACCTGTGAA

30 DNA Synthetic CCATCTGTGGCTTCACAGGTCAGGAGCA | miR-335-3p-2 primer

ATAATGAAAAAGTCGCTCACTGTCAACA
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SEQID | Type Source Sequence Description

NO:
GCT

31 DNA Synthetic GCCACAGATGGGGTCAGGAGATAATGAA | miR-335-3p-3 primer
AAAGCTGCCTACTGCCTCGGAA

32 DNA Synthetic AGCTTTCCGAGGCAGTAGGCAGCTTTTTC | miR-335-3p-4 primer
ATTATCTCCTGACC (SEQ ID NO:32)

33 DNA Synthetic GTACAGCTGTTGACAGTGAGCGACTCAA | miR-335-5p-1 primer
GAGCAATAACGAAAAATGTTGTGAA

34 DNA Synthetic CCATCTGTGGCTTCACAACATTTTTCGTT | miR-335-5p-2 primer
ATTGCTCTTGAGTCGCTCACTGTCAACAG
CT

35 DNA Synthetic GCCACAGATGGACATTTTITCGATTGCTCT | miR-335-5p-3 primer
TGAGCTGCCTACTGCCTCGGAA

36 DNA Synthetic AGCTTTCCGAGGCAGTAGGCAGCTCAAG | miR-335-5p-4 primer
AGCAATCGAAAAATGT

37 DNA Synthetic CAACAAAATGCGGATGCTGGA miR-338-3p sponge

38 DNA Synthetic GACACTGTGAGCGAAGACATA scrambled control

39 DNA Synthetic ATAGCATACATTATACGAAGTTATCACT | 5’ common reverse primer
GG

40 DNA Synthetic CTTCACTACACTCTCCCTAGTACAGTCTC | 5’ gene-specific primer

41 DNA Synthetic TCTAGAAAGTATAGGAACTTCCATGGTC | 3 ' common forward

primer
42 DNA Synthetic AGGAGACTCATAGTTCTCTGTATCATAGC | 3’ gene-specific primer
43 DNA Mus ACGGCTGCCGGAGGGGCGGCCGTGCGTG | mouse Drd2 3' UTR

musculus

GATGCGGCGGGAGCTGGAAGCCTCGAGC
AGCCGGCGCCTTCTCTGGCCCCGGGCGC
CCTATGGCTTGAAGAGCCGTGCCACCCA
GTGGCCCCACTGCCCCAATGGATCCACT
GAACCTGTCCTGGTACGATGATGATCTG
GAGAGGCAGAACTGGAGCCGGCCCTTCA
ATGGGTCCGAAGGGAAGGCAGACAGGC

(XM_006509996.2)
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SEQID | Type Source Sequence Description
NO:

CCCACTACAACTACTATGCCATGCTGCTC
ACCCTCCTCATCTTTATCATCGTCTTTGG
CAATGTGCTGGTGTGCATGGCTGTATCAC
GAGAGAAGGCTTTGCAGACCACCACCAA
CTACCTGATAGTCAGCCTCGCTGTGGCCG
ATCTTCTGGTGGCCACACTGGTTATGCCC
TGGGTCGTCTATCTGGAGGTGGTGGGTG
AGTGGAAATTCAGCAGGATTCACTGTGA
CATCTTTGTCACTCTGGATGTCATGATGT
GCACAGCAAGCATCTTGAACCTGTGTGC
CATCAGCATCGACAGGTACACAGCTGTG
GCCATGCCTATGTTGTATAACACACGCTA
CAGCTCCAAGCGCCGAGTTACTGTCATG
ATCGCCATTGTCTGGGTCCTGTCCTTCAC
CATCTCTTGCCCACTGCTCTTTGGACTCA
ACAACACAGACCAGAATGAGTGTATCAT
TGCCAACCCTGCCTTCGTGGTCTACTCCT
CCATCGTCTCGTTCTACGTGCCCTTCATC
GTCACCCTGCTGGTCTATATCAAAATCTA
CATCGTTCTCCGCAAGCGTCGGAAGCGG
GTCAACACCAAGCGTAGCAGCCGAGCTT
TCAGAGCCAACCTGAAGACACCACTCAA
GGGCAACTGTACCCACCCTGAGGACATG
AAACTCTGCACCGTTATCATGAAGTCTA
ATGGGAGTTTCCCAGTGAACAGGCGGAG
AATGGATGCTGCCCGCCGAGCTCAGGAG
CTGGAAATGGAGATGCTGTCAAGCACCA
GCCCCCCAGAGAGGACCCGGTATAGCCC
CATCCCTCCCAGTCACCACCAGCTCACTC
TCCCCGATCCATCCCACCACGGTCTACAT
AGCAACCCTGACAGTCCTGCCAAACCAG
AAAAGAATGGGCATGCCAAGATTGTCAA
TCCCAGGATTGCCAAGTTCTTTGAGATCC
AGACCATGCCCAATGGCAAAACCCGGAC
CTCCCTTAAGACGATGAGCCGCAGGAAG
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SEQID | Type Source Sequence Description
NO:

CTCTCCCAGCAGAAGGAGAAGAAAGCCA
CTCAGATGCTTGCCATTGTTCTTGGTGTG
TTCATCATCTGCTGGCTGCCCTTCTTCAT
CACGCACATCCTGAATATACACTGTGAC
TGCAACATCCCACCAGTCCTCTACAGCG
CCTTCACATGGCTGGGCTATGTCAACAGT
GCCGTGAACCCCATCATCTATACCACCTT
CAACATTGAGTTCCGCAAGGCCTTCATG
AAGATCCTGCACTGCTGAGTCTGCCCCTT
GCCTGCACAGCAGCTGCTTGCCGCCTCCC
TGCCTAGGCAGGCCAGACCTCATCCCTG
CAAGCTGTGGGCAGAAAGGCCCAGATGG
ACTCGGCCTTCTCTTGACCCTGCAGGCTC
TGCAGTGTTAGCTTGGCTCGGTGCCCCTC
TCTGCCCACACACCCTTATCCTGCCAGGG
TAGGGCCAGGGAGACTGGTATCTTACCA
GCTCTGGGGTTGGATCCATGGCTCAGAG
CAGCTCACAGAGTGCCCCTTTCACATGC
AGATCCTGTCTCCTTGGCACCAAAGAAG
CAGCAGCCTTCCTTGACCTTCCTCTCAGG
CACGGAAGCTAGCTCAGTAGCGGAGCAC
ACCTTGATTGTTGGCTTGGCCTGGCCCTT
GCTTGCCTATGTTGGATCAGGTGGTAGA
AGAGAAGGACAGTTCTTACTTTACAGGG
ACCACATAGGAAAGCAGGGAACATGCCA
AGGCCTCCAGGTGACGTTAGTGTCGGGA
GACACACATAAACACCAGGTAGCTCCAC
GGACCCCAGAGAAACTGAGGCTGAAAAT
CTGTTTTCCACCCCAACTCTAGTGTGAAT
CCCTACTTTCCATAGCAGTGGGTATTGCT
ATGTTCTCCACTGTTATAGAATCCCATGG
GGTTTCTGTACCTTCGGGGGAAAATAAC
TCTAATCCTCAAGGGCCCCAAGAGAGAC
TGTAAAGAGAAAAATAGCTGATTTCCCT
CTACCCTCCAATCCACTCCGCCACTTCTT
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SEQID
NO:

Type

Source

Sequence

Description

GACATACATTGGACATAGCCATTCCCCA
CAGCAGATGCTGGACAGCCTGGGAAGTT
GAGCCTTGGACCAGTGTTGGAGCTGAAG
TTGGAGGTGGTAACTTGGGGCTCTTGGG
CGGGGGGTGTTGATATCTTCCCTCTTCCA
AGTCTCTTCTCTGCCAGTGCCTCTGCCTT
AGAGGAGGCTGTGGATGGGGCTGCTGGG
GCTGCTGATACCATTGGGTCTGGCCCTGA
GTGAGGGTGGGGAAGCTGCAGCTTGGAG
GGGTCTGGGCTCCAACTCTGTAACATCA
CCATACATGCACCAAACCAATAAAACCT
TGACAAGAGTCATTCCCACGG

DNA

Synthetic

TCCAGCATCAGTGATTTTGT;FG

hsa-miR-338-3p primer
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WHAT IS CLAIMED IS:

1. A method for treatment and/or prevention of schizophrenia in a subject in need thereof, the
method comprising administering to the subject a therapeutically effective amount of (i) miR-
338-3p or a mimic or a functional derivative thereof, or (ii) a vector expressing said miR-338-3p
or mimic or functional derivative thereof, or (iii) an agent capable of increasing the level or

activity of miR-338-3p.

2. A method for treatment of 22q11 deletion syndrome in a subject in need thereof, the method
comprising administering to the subject a therapeutically effective amount of (i) miR-338-3p or a
mimic or a functional derivative thereof, or (ii) a vector expressing said miR-338-3p or mimic or
functional derivative thereof, or (iii) an agent capable of increasing the level or activity of miR-

338-3p.

3. A method for treatment and/or prevention of a positive symptom of schizophrenia in a subject
in need thereof, the method comprising administering to the subject a therapeutically effective
amount of (i) miR-338-3p or a mimic or a functional derivative thereof, or (ii) a vector
expressing said miR-338-3p or mimic or functional derivative thereof, or (iii) an agent capable of

increasing the level or activity of miR-338-3p.

4. The method of claim 3, wherein the positive symptom of schizophrenia is selected from the

group consisting of hallucinations, delusions, disorganized thought, and psychosis.

5. The method of any one of claims 1-4, wherein the miR-338-3p or mimic or derivative thereof
comprises the sequence UCCAGCAUCAGUGAUUUUGUUG (SEQ ID NO: 1).

6. The method of any one of claims 1-4, wherein the miR-338-3p or mimic or derivative thereof
consists of the sequence UCCAGCAUCAGUGAUUUUGUUG (SEQ ID NO: 1).

7. The method of any one of claims 1-6, wherein the vector is selected from the group consisting

of adeno-associated virus (AAV) vectors, lentivirus vectors and Sindbis virus vectors.
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8. The method of any one of claims 1-7, wherein the expression of miR-338-3p or mimic or
functional derivative thereof in the vector is controlled by a promoter selected from the group
consisting of Synapsin promoter, CMV promoter, -actin promoter, and CamKIIa promoter.

9. The method of any one of claims 1-8, wherein the administration is systemic.

10. The method of any one of claims 1-8, wherein the administration is intranasal.

11. The method of any one of claims 1-8, wherein the administration is targeted to the thalamus.

12. The method of any one of claims 1-11, wherein the administration results in an increase in

the level of miR-338-3p in thalamic neurons of the subject to the level found in healthy subjects.

13. The method of any one of claims 1-11, wherein the administration results in a decrease in

sensitivity of thalamic neurons to an antipsychotic agent.

14. The method of claim 13, wherein the antipsychotic agent is selected from the group

consisting of haloperidol, clozapine, and olanzapine.

15. The method of claim 13, wherein the antipsychotic agent is inhibiting a D2 dopamine

receptor.

16. The method of any one of claims 1-15, wherein the subject has a decreased level of miR-338-

3p in thalamic neurons as compared to a control.
17. The method of claim 16, wherein the control is a predetermined standard, or the level of

miR-338-3p in thalamic neurons of a healthy age- and gender-matched subject or an average

value for several such subjects.
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18. The method of any one of claims 1-17, further comprising determining the level of miR-338-

3p in thalamic neurons or a bodily fluid sample obtained from the subject.

19. The method of claim 18, wherein the bodily fluid is selected from the group consisting of

blood, urine, saliva, and cerebrospinal fluid (CSF).

20. The method of claim 18, wherein the bodily fluid sample is selected from the group
consisting of whole blood, blood lymphocytes, peripheral blood mononuclear cells (PBMCs),

blood plasma, or blood serum.

21. The method of any one of claims 18-20, wherein the level of miR-338-3p is determined using
a method selected from the group consisting of hybridization, array-based assays, PCR-based

assays, and sequencing.
22. The method of claim 21, wherein the level of miR-338-3p is determined using gPCR.

23. The method of any one of claims 18-22, wherein the level of miR-338-3p is determined prior

to the administration of the treatment.

24. The method of any one of claims 18-22, wherein the level of miR-338-3p is determined both

prior and after the administration of the treatment.

25. The method of any one of claims 1-24, further comprising administering to the subject an

additional treatment agent.

26. The method of claim 25, wherein the additional treatment agent is an antipsychotic.

27. The method of claim 26, wherein the antipsychotic is selected from the group consisting of

haloperidol, clozapine, and olanzapine.

28. The method of claim 26, wherein the antipsychotic is inhibiting a D2 dopamine receptor.
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29. A method for determining efficacy of a treatment for schizophrenia or 22ql1 deletion
syndrome in a subject, the method comprising:

(a) determining the level of miR-338-3p in thalamic neurons or a bodily fluid sample obtained
from the subject before the treatment,

(b) determining the level of miR-338-3p in thalamic neurons or a bodily fluid sample obtained
from the subject after the treatment,

(c) comparing the levels determined in steps (a) and (b), and

(d) determining that the treatment is effective if the level of miR-338-3p in thalamic neurons or

the bodily fluid of the subject has increased after the treatment.

30. A method for determining the likelihood of developing a positive symptom of schizophrenia
in a subject, the method comprising:

(a) determining the level of miR-338-3p in thalamic neurons or a bodily fluid sample obtained
from the subject,

(b) comparing the level determined in step (a) to a control level, and

(c) determining that the subject is at risk of developing a positive symptom of schizophrenia if
the level of miR-338-3p in thalamic neurons or the bodily fluid sample obtained from the subject

is lower than the control level.

31. The method of claim 30, wherein the positive symptom of schizophrenia is selected from the

group consisting of hallucinations, delusions, disorganized thought, and psychosis.
32. The method of claim 30 or 31, wherein the control is a predetermined standard, or the level
of miR-338-3p in thalamic neurons of a healthy age- and gender-matched subject or an average

value for several such subjects.

33. The method of any one of claims 29-32, wherein the bodily fluid is selected from the group

consisting of bloed, urine, saliva, and cerebrospinal fluid (CSF).
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34. The method of any one of claims 29-32, wherein the bodily fluid sample is selected from the
group consisting of whole blood, blood lymphocytes, peripheral blood mononuclear cells
(PBMCs), blood plasma, or blood serum.

35. The method of any one of claims 29-34, wherein the level of miR-338-3p is determined using
a method selected from the group consisting of hybridization, array-based assays, PCR-based

assays, and sequencing.

36. The method of claim 35, wherein the level of miR-338-3p is determined using gPCR.

37.  The method of any one of claims 18-36, wherein, prior to determining miR-338-3p level,

miRNA is purified from the sample isolated from the subject.

38.  The method of any one of claims 18-37, further comprising the step of reducing or

eliminating degradation of miRNA.

39. The method of any one of claims 12-38, wherein the miR-338-3p comprises the sequence

UCCAGCAUCAGUGAUUUUGUUG (SEQ ID NO: 1).

40. The method of any one of claims 12-38, wherein the miR-338-3p consists of the sequence
UCCAGCAUCAGUGAUUUUGUUG (SEQ ID NO: 1).

41. The method of any one of claims 1-40, wherein the subject is human.

42. A kit for determining the likelihood of developing a positive symptom of schizophrenia

comprising primers and/or probes specific for miR-~338-3p.

43. A kit for determining efficacy of a treatment for schizophrenia or 22q11 deletion syndrome

comprising primers and/or probes specific for miR-338-3p.

44, The kit of claim 42 or 43, further comprising miRNA isolation and/or purification means.
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45, The kit of any one of claims 42-44, further comprising instructions for use.

46. Use of (i) miR-338-3p or a mimic or a functional derivative thereof, or (ii) a vector
expressing said miR-338-3p or mimic or functional derivative thereof, or (iii) an agent capable of
increasing the level or activity of miR-338-3p in the manufacture of a medicament in the

treatment and/or prevention of schizophrenia.

47. Use of (i) miR-338-3p or a mimic or a functional derivative thereof, or (ii) a vector
expressing said miR-338-3p or mimic or functional derivative thereof, or (iii) an agent capable of
increasing the level or activity of miR-338-3p in the manufacture of a medicament in the

treatment of 22q11 deletion syndrome.

48. Use of (i) miR-338-3p or a mimic or a functional derivative thereof, or (ii) a vector
expressing said miR-338-3p or mimic or functional derivative thereof, or (iii) an agent capable of
increasing the level or activity of miR-338-3p in the manufacture of a medicament in the

treatment and/or prevention of a positive symptom of schizophrenia.

49, A pharmaceutical composition comprising miR-338-3p or a mimic or a functional derivative

thereof and a pharmaceutically acceptable carrier or excipient.

50. The pharmaceutical composition of claim 49, wherein said composition is suitable for

intranasal administration.

51. The pharmaceutical composition of claim 49, wherein said composition is suitable for

systemic administration.

52. A pharmaceutical dosage form comprising miR-338-3p or a mimic or a functional derivative

thereof and a pharmaceutically acceptable carrier or excipient.

53. The pharmaceutical dosage form of claim 52, wherein said dosage form is suitable for

intranasal administration.
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54. The pharmaceutical dosage form of claim 52, wherein said dosage form is suitable for

systemic administration.
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