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Physiological stress evokes rapid changes in both the innate and adaptive immune
responses. Immature aff T cells developing in the thymus are particularly sensitive to stress,
with infections and/or exposure to lipopolysaccharide or glucocorticoids eliciting a rapid
apoptotic program. MicroRNAs (miRs) are short, non-coding RNAs that play critical roles in
the immune system by targeting diverse mRNAs. We hypothesized that a subset of
thymically encoded miRs would be stress responsive and modulate thymopoiesis. Thymic
miR profiling revealed 18 distinct miRs that are dysregulated more than 1.5-fold in response

to lipopolysaccharide or the synthetic glucocorticoid dexamethasone. These stress-responsive

vi



miRs are dynamically regulated in distinct thymocyte subsets. We utilized both transgenic
and gene-targeting approaches to study the impact of these miRs on thymopoiesis under
normal and stress conditions.

MiR-181d is the most down-regulated thymic miR in response to stress. The over-
expression of miR-181d in developing thymocytes reduced the number of immature
CD4'CD8" thymocytes. Lipopolysaccharide or dexamethasone injections caused a 4-fold
greater loss of these cells than in the wild type controls. The targeted elimination of miR-
181d resulted in a thymus stress-responsiveness similar to wild-type mice, suggesting a
functional redundancy between miR-181 family members. Gene expression comparisons
further indicated that miR-181d affects a number of stress, metabolic, and signaling
pathways. These findings demonstrate that selected miRs enhance stress-mediated thymic
involution in vivo.

MiR-185, another stress-responsive miR in murine thymus, is haploinsufficient in
almost all individuals with 22q11.2 deletion/DiGeorge syndrome that can present with
immune, cardiac, parathyroid, and psychological problems. The molecular targets of miR-
185 in thymocytes are unknown. Transgenic expression of miR-185 attenuated thymopoiesis
at the TCRp-selection checkpoint and during positive selection. This caused a peripheral T
cell lymphopenia. Mzbl, NFATc3, and Camk4 were identified as novel miR-185 targets.
Elevations in miR-185 enhanced TCR-dependent intracellular calcium levels, while a
knockdown of miR-185 diminished these calcium responses. These effects concur with
reductions in Mzbl, an endoplasmic reticulum calcium regulator. Consistent with the

haploinsufficiency of miR-185, Mzbl levels were elevated in thymocyte extracts from



several 22q11.2 deletion/DiGeorge syndrome patients. These findings indicate that miR-185

regulates T cell development through its targeting of several mRNAs including Mzbl.
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CHAPTER ONE

INTRODUCTION

T lymphocytes constitute an essential component of the adaptive immune system. The
majority of T lymphocytes belong to the aff lineage with CD4 " helper and CD8" cytotoxic T
cells evident in both mice and humans. a3 T cells express an antigen-specific T cell receptor
(TCR) composed of one a-chain and one (-chain, along with either CD4 or CDS8 co-
receptors, and recognize antigen-bound major histocompatibility complex (MHC) class II or

class I molecules on antigen presenting cells, respectively [1].

T cell development in the thymus

T cells are derived from hematopoietic progenitor cells that migrate from bone
marrow to the thymus via the blood. The thymus is a bilobed organ, in which each lobe is
composed of an inner medulla and a peripheral cortex surrounded by an outer capsule. Non-
lymphoid cells including thymic epithelial cells (TECs) in the cortex and medulla provide an
inductive microenvironment with various receptor ligands, growth factors, and cytokines to
favor T cell specification and commitment [2,3,4]. Major stages of afy T cell development
are classified by the expression patterns of CD4 and CD8 co-receptors. The earliest lymphoid
precursors, which enter the thymus as CD4 CD8 (double-negative or DN) thymocytes,
undergo a series of developmental stages further defined by differential surface expression of

CD44 and CD25 [5]. Early thymopoiesis begins with extensive proliferation of DNI1
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(CD44"CD25") population, followed by the generation of DN2 (CD44'CD25") thymocytes

[6]. At the DN2 stage, thymocytes initiate rearrangement of TCRP gene locus by Ragl/2-
mediated VDJ recombination, which continues until these cells enter the DN3 (CD44 CD25")
stage [7]. DN3 thymocytes that complete successful arrangement of the TCRf chain express
a cell-surface pre-TCR complex consisting of the TCRP chain and an invariant pre-TCRa
subunit and the CD3 chains (y, 9, €, ) [8,9,10,11]. Signaling through the pre-TCR, which
only occurs in those cells harboring a functional TCRf subunit, triggers cell survival and
differentiation into the DN4 (CD44°CD25") thymocytes. Early thymopoiesis can also give
rise to the yd T cell lineage accompanied with the loss of alternative of}-linage fate. Both T
cell types originate from a common DNI1 precursor and differ from one another through DN2
to DN3 stages [6,12,13]. Following TCRf-selection checkpoint, aff lineage-committed
thymocytes expand rapidly by numerous rounds of cell division and progress into CD4'CD8"
(double positive or DP) thymocytes in the thymic cortex [14].

DP stage of thymopoiesis represents the largest cell population in the thymus. DP
thymocytes undergo rearrangement of their TCRa gene locus via VJ recombination and
become small, non-dividing cells expressing either MHC class-I or class-II restricted of
TCR complex [15,16]. Mature TCR expressed on DP thymocytes can interact with
endogenous (self) peptides bound to MHC molecules presented by cortical TECs. The
affinity of this interaction will determine the further destiny of DP thymocytes: death by
neglect, positive selection, or negative selection [14,17].

Most DP thymocytes do not recognize self-peptide-loaded MHC molecules (self-

pMHC) and undergo a programmed cell death known as death by neglect. DP thymocytes
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capable of recognizing self-pMHC are either positively or negatively selected depending on
the ligand affinity of their cell-surface TCR. A low-affinity interaction results in weak TCR
signals, promoting survival and further differentiation of DP thymocytes (positive selection)
[18]. However, high-affinity self-pMHC leads to strong TCR signals, which in turn cause
clonal deletion of DP thymocytes through apoptotic pathways (negative selection) [18]. Both
modes of selection require proximal TCR signaling, which mediates the recruitment of LCK
(Lymphocyte-specific protein tyrosine kinase) and ZAP70 (Zeta-chain-associated protein
kinase 70) to the plasma membrane. LCK-activated ZAP70 phosphorylates a major
downstream adapter protein, LAT (Linker of activated T cells) [18]. Low-affinity ligands
result in partial phosphorylation of the LAT, elevating intracellular DAG and calcium levels
through activation of PLCyl (Phospholipase C, gamma 1). DAG (Diacylglycerol) mediates
weak, but sustained, activation of ERK, while calcium influx induces nuclear translocation of
NFATSs. These combine to elevate transcription of pro-survival factors, promoting positive
selection of DP thymocytes [18]. In contrast, a strong TCR signal generates fully
phosphorylated LAT proteins, driving stable localization of GRB2/SOS1 complex to the
plasma membrane. This, in turn, leads to apoptosis of negatively selected DP thymocytes by
activation of JNK and p38, and a strong, but transient, ERK activation [18].

The positively selected DP thymocytes migrate to the thymic medulla and
differentiate into either MHC class-I restricted CD8" or MHC class-II restricted CD4" SP
(single positive) thymocyte lineages through silencing the transcription of CD4 and CDS8 co-
receptor gene locus, respectively [19,20,21]. In the medulla, these immature thymocytes are

subject to tissue-restricted antigens on MHC molecules presented by medullary TECs and/or
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dendritic cells. This leads to a second round of negative selection, eliminating self-reactive T
cells before exiting the thymus [22]. Upon successful completion of TCR-selection
checkpoints, non-self reactive SP thymocytes egress to the periphery as naive T cells.
Peripheral CD4'CD8 and CD4CD8" T cells can further acquire effector, memory, or
regulatory functions based on antigen and/or cytokine stimulations.

Strict selection pressure during thymopoiesis enables only a small percent of T cells
to leave the thymus with an antigen-specific TCR. This indicates the significance of
continuous thymic output in order to maintain the diversity of peripheral T cell repertoire
against microbial invaders. However, thymus is extremely prone to acute, stress-induced
and/or chronic, age-induced involution [23]. This leads to a reduction in T cell development,

therefore limiting the host’s ability to combat neo-antigenic threats.

Stress impairs T cell development

Stress has degenerative effects in the nervous and immune systems, and is
particularly pronounced in thymopoiesis. Physiological and pathological stresses lead to a
thymic atrophy, which is characterized by reductions in the thymus size and a substantial loss
of DP thymocytes and in the egress of naive T cells to the periphery [23].

Acute thymic involution is a prevalent complication for patients undergoing surgery,
irradiation, and/or treatments with immunosuppressive agents, such as synthetic
glucocorticoids (GCs) including dexamethasone and prednisone [24,25,26,27,28]. Milder
stress factors including pregnancy, emotional distress, alcoholism, and malnutrition exhibit
varying degrees of impaired thymopoiesis [29,30,31,32,33]. These non-pathological stimuli

elevate the systemic production of GCs through the HPA (Hypothalamic-pituitary-adrenal)
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axis, which in turn leads to a programmed cell death of DP thymocytes [33,34]. Supporting

this, adrenalectomy completely hinders stress-induced thymic atrophy by preventing the
production of GCs [35].

GCs easily diffuse across the plasma membrane and bind to the glucocorticoid
receptor, NR3C1, (nuclear receptor subfamily 3, group C, member 1) in the cytoplasm [34].
This binding leads to the dissociation of the multimeric receptor complex, followed by
subsequent translocation of GC-bound NR3C1 into the nucleus. NR3C1 can act both as a
trans-activator by binding GC-response elements in the promoter of anti-inflammatory genes
including IkB and IL-10 and as a trans-repressor by binding to other transcription factors,
such as NF-kB and AP-1 [36,37,38]. NR3C1 is more highly expressed in DP thymocytes
compared to all other T cell subsets. T cell-specific deficiency of this receptor leads to a
complete resistance to GC-induced apoptosis, while sustaining normal T cell development
and effector functions in mice [39,40]. This clearly indicates the important role of this
pathway in GC-mediated DP cell death.

There are a number of GC-modulated genes identified to date. These included up-
regulation of pro-apoptotic genes, such as Bim and Puma, and down-regulation of c-Myc
[41,42,43]. Bim and Puma are known to mediate apoptosis of neglected and/or negatively
selected DP thymocytes [44,45,46], whereas c-Myc is implicated in positive selection during
thymopoiesis [47,48]. In addition to the above, Bcl2, an anti-apoptotic gene, functions as a
rheostat of GC-sensitivity in immature thymocytes [49]. Low levels of Bcl2 render DP

thymocytes more sensitive to GCs, compared to other thymocyte subsets. Nevertheless, how
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GCs induce DP cell death is still unclear and the physiological role of this pathway during

thymopoiesis remains an enigma.

Multiple pathological stresses are also known to induce thymic involution, evident
from studies investigating bacterial, fungal, and viral infections in mice and humans [50].
The host’s innate immune cells recognize a diverse range of pathogen-associated molecular
patterns (PAMPs) through their pattern-recognition receptors, such as Toll-like receptors
(TLRs) and NOD-like receptors (NLRs). PAMP-activated TLR signaling culminates in
production of multiple inflammatory cytokines including IL-1, TNF, and IL-6 family
proteins [51,52]. The release of these inflammatory mediators subsequently elicits the
intrathymic secretion of GCs, which in turn leads to the direct apoptosis of DP thymocytes
[53].

One other mechanism implicated in thymic atrophy is through thymic epithelial cells
(TECs). TECs are essential components of thymic microenvironment by providing key
signals for proper development and differentiation of thymocytes. In particular, Notch
signaling, induced by TEC ligands, plays an indispensible role in T-cell lineage commitment
during early thymopoiesis [2,54,55]. Activation of Notch signaling pathway renders DP
thymocytes resistant to GC-induced apoptosis [56]. In addition to this, TECs are thought to
sense inflammatory cytokines and transmit involution signals to the thymocytes during
microbial infections [57,58]. Nevertheless, TEC-dependent thymic involution is more
common with chronic stresses such as aging [23,59]. In rodents and humans, an aged thymus
is characterized by the loss of TECs and the emergence of ectopic fat tissue, which in turn

lead to a decline in thymopoietic efficiency [59,60]. In addition, inflammation-mediated
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reductions in growth factors and sex hormones were shown to exaggerate thymic atrophy in
elderly, indicating the involvement of other signaling pathways (Leptin, ghrelin, etc.) in
thymocytes during stress-induced cell death [53].

In summary, acute thymic atrophy is a complication of multiple physiological and
pathological conditions. This is even more pronounced in patients undergoing
immunosuppressive treatments and surgery, and in individuals with HIV/AIDS [23].
Attenuated thymopoiesis and the limited peripheral T cell pool render these individuals
extremely susceptible to opportunistic microbial infections, significantly increasing their
morbidity and mortality [23]. These complications necessitate a better understanding of
molecular mechanisms behind the stress-induced thymic involution and thymic recovery
following stress removal. Most studies to date have been focused on classical mRNAs,
however little is known about the role of small non-coding RNAs, microRNAs, in the course

of thymic-atrophy.

MicroRNAs: Micro-managers of gene expression
MicroRNA biogenesis

MicroRNAs (miRs) are small non-protein coding RNA molecules (22 to 24
nucleotides in length) found in almost all metazoans. MiR genes have either intragenic or
intergenic localizations in the genome. Intragenic miRs can be located in introns and/or
exons of their host mRNAs, whereas intergenic miRs have their own promoters [61,62,63].
MiRs are transcribed from the genome, usually by RNA polymerase II, as long primary

transcripts (pri-miRs) in the form of step-loop structures with the 5’-cap and a 3’-poly (A)
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tail [64,65]. In the nucleus, these pri-miRs undergo an enzymatic cleavage by the RNase III
enzyme, Drosha, and its mutual partner DGCR8 (DiGeorge syndrome critical region gene 8),
generating a hairpin RNA of ~70 nucleotides known as pre-miRs [66,67]. These nuclear pre-
miRs are transported by exportin-5 and a Ran-GTPase into the cytoplasm where they are
further cleaved into ~22-24 bp RNA duplexes by another RNase III enzyme, Dicer
[68,69,70]. One arm of this RNA duplex, the mature miR, is incorporated into the RNA-
induced silencing complex (RISC), which is composed of multiple proteins. The core
component of this ribonucleoprotein complex is an argonaute family member protein (Ago).
Ago-associated miR mediates targeting of multiple genes based on the complementary
binding between the miR and the mRNA. The target specificity of a mature miR is usually
mediated through its seed region (nucleotides 2-8 at the 5’end) [71]. MiRs base pair with
their targets mostly in the 3 untranslated region (3’ UTR); several miRs have been reported
to also bind 5° UTR and/or coding sequences of mRNAs [72,73,74,75,76]. Thus, the
sequence-specific binding of miRs leads to degradation and/or translational inhibition of
target mRNAs [77].

More than thousands of miRs have been identified in mammals (miRBase v.20.0).
These miRs have been implicated in regulating a wide range of biological processes

including development, metabolism, cell differentiation, proliferation, and apoptosis [78,79].

MicroRNASs in the immune system
The importance of miRs in the immune system became more evident with the studies

using different mouse models in which Dicer was conditionally deleted in specific
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hematopoietic lineages. For example, targeted deletion of Dicer in immature thymocytes

leads to a defective early thymopoiesis, with a dramatic reduction in thymus cellularity [80].
In the case of B cell development, Dicer ablation results in an almost complete block at the
pro-B to pre-B cell transition [81]. Genetic manipulation of individual miRs further helped to
reveal their critical roles in lymphocyte development and subsequent responses [82]. Over-
expression of miR-155 resulted in aberrant B cell proliferation and leukemia, whereas loss of
miR-155 modulated lineage commitment of T-helper cells and negatively affected B cell
differentiation in germinal centers [83,84,85]. Genetic gain- and loss- of function studies of
miR-17-92 cluster have demonstrated that these miR family members play critical roles in
controlling lymphopoiesis at the early stages [86,87]. Another crucial miR involved in B cell
development, miR-150, was also shown to differentially regulate natural killer (NK) and
invariant NK T (iNKT) cell generation and functions [88,89,90]. In the course of
thymopoiesis, miR-181 family members are differentially expressed through distinct
developmental stages [91,92,93]. This family includes miR-181a, miR-181b, miR-181c, and
miR-181d, differing from each other by a few nucleotides [94,95]. Specifically, miR-181a is
implicated in regulating TCR signaling strength and deletion of autoreactive T cell clones by
targeting multiple phosphatases [96,97]. Recent studies with targeted elimination of miR-
181a/b in mice demonstrated that these miRs are indispensible for NK T cell development,
whereas deficiency of miR-181a/b or miR-181c/d appeared to have no effect on
thymopoiesis [98,99,100,101]. Furthermore, several miRs including miR-10, miR-182, miR-
21, miR-214, and miR-29 have been shown in controlling peripheral T cell activation and

differentiation [102,103].
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MicroRNAs in human diseases

Many miR genes reside within unstable chromosomal locations and cancer-associated
genomic regions, which explains their differential expression in several human diseases
[104,105]. A haploinsufficiency of the miR-17-92 cluster causes skeletal and growth defects,
while mutations in miR-137 and miR-96 lead to schizophrenia and progressive hearing loss
in humans, respectively [106,107,108]. Human miR-185 is encoded within an intronic region
at chromosome 22q11.2, which undergoes a monoallelic deletion (~1.5 to 3 Mb) in patients
with the 22q11.2 deletion/DiGeorge syndrome. MiR profiling of peripheral blood samples
from 22q11.2 deletion/DiGeorge syndrome patients revealed that miR-185 was significantly
reduced in almost all patients compared to normal individuals, consistent with its
haploinsufficiency at the 22q11.2 locus [109]. The 22q11.2 deletion/DiGeorge syndrome is a
heterogeneous congenital disorder associated with thymic and parathyroid gland hypo- or
aplasia, cardiac abnormalities, schizophrenia, and/or cognitive impairment [110,111,112]. A
subset of these patients has increased prevalence of autoimmune disorders and age-dependent
alterations in T helper cell (Thl and Th2) commitment [113,114]. In the mouse models of
22q11.2 deletion/DiGeorge syndrome, 50% normal expression of miR-185 results in elevated
levels of SERCA2 (Sarcoplasmic/endoplasmic reticulum calcium ATPase 2) in hippocampal
neurons [115]. Higher levels of SERCA2 enhance pre-synaptic neurotransmitter release in
hippocampal neurons, leading to an age-dependent cognitive impairment [115]. Structural
alterations in the neuronal morphology, often noted in schizophrenia, have been linked to the

increased expression of a novel miR-185 target, 2310044H10Ri1k, an uncharacterized Golgi
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associated neuronal inhibitor [116]. Thus, these findings could explain, at least in part, the
high incidence of schizophrenia and/or learning disabilities in 22q11.2 deletion/DiGeorge
syndrome patients as adults. Moreover, the elimination of Dicer in mature CD19" B cells
causes elevated autoantibody production [117]. MiR-185 was identified as a key miR
mediating this effect, as its loss increases the expression of Btk (Bruton’s tyrosine kinase)
[117]. This could account for the autoreactive antibodies noted in 22ql1.2 deletion
/DiGeorge syndrome patients. However, the genetic elements that contribute to poor

thymocyte development and autoimmune susceptibility in this syndrome remain unknown.

MicroRNASs in stress responses

MiRs are emerging as key, stress-responsive regulators of biological processes in the
cardiac, thyroid, auditory, immune, and hematopoietic systems [118,119,120,121,122]. For
example, several miRs (miR-29, miR-92a, miR-195, miR-208) control cardiac stress
responses during hypertrophy and myocardial infarctions [121,122,123,124]. Moreover,
miR-146 and miR155 are dramatically elevated in the innate immune cells upon bacterial
infections and/or lipopolysaccharide (LPS) treatment [120,125,126]. MiR-146 attenuates
TLR signaling pathways by down-modulating the expression of IRAK1 and TRAF6, whereas
miR-155 is involved in positive regulation of innate immune responses by targeting SHIP1
and SOCSI1 [125,126,127]. In contrast, miR-125b and let-7 are reduced in macrophages
following LPS stimulation. Inhibition of these two miRs results in elevated production of

inflammatory cytokines [127,128].
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Thymus is a hyper-stress-sensitive organ, with massive depletion of DP thymocytes
in response to various stress stimuli, such as LPS and synthetic GCs (Dexamethasone)
[129,130]. Presence of stress-responsive miRs in the thymus first became evident with the
transient paucity of key miR-processing enzymes (Drosha, DGCRS, and Dicer) in immature
thymocytes within hours of GC exposure [131]. At later time points, I reported that several
miRs, such as miR-181d and miR-185, exhibited dynamic expression patterns in murine
thymus following stress [132]. In addition to the above, deficiency of Dicer and/or miR-29a
in TECs increases IFN-a sensitivity of these cells with elevated IFN-a receptor levels. This,
in turn, impairs their integrity to support thymopoiesis upon exposure to poly(l:C), a
synthetic mimic of viral dsRNA [58]. All together, these findings indicate that miRs could be
critical in modulating thymopoiesis during initiation and recovery phases of acute thymic

atrophy.

Concluding remarks

Given the role of thymus in T cell development, continuous and effective
thymopoiesis is of significance in the maintenance of a robust immune system against
various antigenic challenges across a lifetime. Multiple stress factors negatively influence
this development with barely understood mechanisms. MiRs are emerging regulators in many
aspects of the immune system, however little is known about their contribution to the stress-
induced thymic atrophy. The work presented in this dissertation provides the identification of
stress-responsive miRs in the thymus and characterization of their functional roles during T

cell development by utilizing both transgenic and knockin mouse models.



CHAPTER TWO

MATERIALS AND METHODS

Ethics statement

All mouse procedures were carried out in accordance with the Institutional Animal
Care and Use Committee at the University of Texas Southwestern Medical Center (IACUC
#2010-0053). Animal use adheres to applicable requirements such as the Animal Welfare
Act, the Guide for the Care and Use of Laboratory Animals, and the US Government
Principals regarding the care and use of animals. The mice were housed in the specific

pathogen free facility on the North campus of UT Southwestern Medical Center.

Mice

The miR-185 and miR-181d transgenic (Tg) lines were generated by the UT
Southwestern Medical Center Transgenic Core facility. The VA-hCD2 transgenic cassettes
containing genomic DNA with pri-miR-185 (~600 bp) or pri-miR-181d (~394 bp) were
injected into C57BL/6 fertilized eggs as described [133,134]. These pri-miR fragments were
cloned from genomic DNA, isolated from C57BL/6 mice, using standard PCR reactions. The
VA-hCD2-pri-miR-181d transgenic construct was designed with the first 28 nucleotides of
pri-miR-181c lacking. This eliminates a significant segment of miR-181c, while leaving the
pri-miR-181d intact. MiR-185 and miR-181d transgenic founders were identified using DNA

probes for the VA-hCD2 transgenic cassette using previously described assays [133].

13
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Transgenic expression of miRs was confirmed by performing Northern blotting and real time
PCR techniques. Based on their miR over-expression levels, 3 miR-185 transgenic (Tg-25,
Tg-35, and Tg-6) and 2 miR-181d transgenic lines (Tg-8 and Tg-38) were selected for further
characterization and analysis. OTII/miR-185 double Tg mice were obtained from crosses
between the OTII Tg and miR-185 Tg-35 lines.

For the generation of the miR-181d knockin construct, PCR reactions were performed
to amplify a 3.56 kb genomic DNA fragment containing miR-181d followed by miR-181c
(reverse orientation). Bam HI and Bgl II restriction sites were incorporated at the 5° and 3’
ends, respectively. All genomic PCR reactions were undertaken with LA-Taq polymerase
(Takara Inc., Thermo-Fisher Scientific, Pittsburgh, PA), and the constructs were directly
cloned into pCR2.1-TOPO-TA cloning vectors according to the manufacturers’ instructions
(Invitrogen, Grand Island, NY). dsDNA sequencing reactions confirmed nucleotide sequence
information. A 3.03 kb genomic piece that continued from miR-181c, included new Nhe I
and Hind III restriction sites, was PCR amplified and also cloned into a pCR2.1 TOPO-TA
cloning vector. This piece was subcloned into the targeting vector, pGKnexloxP2dta that was
linearized with Hind III (vector was a kind gift from Dr. Toru Miyazaki, University of
Tokyo, Japan). Site-directed mutagenesis (QuikChange Site-directed Mutagenesis Kit,
Stratagene, La Jolla, CA) was used to modify miR-181d, with total 11 nucleotide
replacements to eliminate the seed region and the hairpin loop. A new Pst I restriction site
was cloned into this region. The original miR-181d sequence was
ACAATTAACATTCATTGTTGTCGGTGGGTTGTG and the new sequence was

ACAATTAAGTGCTAATGTTGTCCCTGCAGTGTG, with the underlined nucleotides
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changed and the bold region high-lighting the Pst I site. This region was subcloned into the

left arm of pGK-neomycin using a Bgl II linearized vector. The pGK-neo-miR-181d knockin
construct was linearized with Not I, purified, and electroporated into C57BL/6-derived
embryonic stem cells (LR2.6.1) by the UT Southwestern Medical Center Transgenic and
Knockout Core facility. Embryonic stem (ES) cell clones were selected with G418 and
gancyclovir, and correct insertion of the targeted allele was determined by Southern blotting
following digestion of ES cell DNA with Xba I. Of the 600 clones screened, 4 ES cell lines
that contained the correctly sized targeted allele were identified (6B12, 5C1, 2B7, and 2C9).
The wild-type allele is 5.3 kb, while the targeted allele is 3.9 kb. Two of the ES cell lines,
5C1 and 2B7, were separately used for injections into C57BL/6 blastocyts. The resulting
chimeric male mice were mated with C57BL/6 female mice. Following subsequent

neo

interbreeding between heterozygous mice, homozygous mice (miR-181d KI™") were crossed
with CAG-Cre transgenic lines, eliminating the neomycin cassette and leaving a loxP site.
MiR-181d KI progeny mice were further confirmed for the mutated miR-181d sequence by
PCR reactions and subsequent DNA sequencing as well as Southern blotting. The miR181d
KI line is currently being deposited with the mouse mutant resource center (C57BL/6-
Mirl81d ™OersMmucd 4036959-UCD).

Lipopolysaccharide (LPS from E. coli 0111:B4, Sigma L4391) and dexamethasone
(Dex, Sigma D2915, Sigma Chemical Co, St. Louis, MO) were prepared at 1 mg/ml in PBS

and at 0.06 mg/ml in water, respectively. Mice with 5-8 weeks of age were used in all

experiments including intraperitoneal injections of PBS, LPS, and Dex.
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Human thymus tissues

Human thymus samples were obtained from patients undergoing corrective heart
surgery at Children’s Medical Center in Dallas, TX from 2012-2013. Informed consent was
obtained for all patients and control subjects. The Institutional Review Board at UT

Southwestern Medical Center approved this study (IRB # 072010-003).

Cell isolation, culture, and flow cytometry

Single cell suspensions were freshly prepared from isolated lymphoid organs,
followed by FACS staining as described previously [135]. Total organ cellularity was
determined by counting live cells upon Trypan blue staining. Absolute cell numbers were
calculated using total cellularity and percentages of subsets in the lymphoid organs.

FACS antibodies used were from BD Biosciences (San Jose, CA), unless otherwise
indicated. Thymocytes from PBS- and LPS-treated mice were stained with anti-CD4 and
anti-CDS, followed by sorting with a Mo-Flo High Speed Cell Sorter (Cytomation). One
hundred thousand CD4 CDS8™ (DN), CD4'CD8" (DP), CD4'CDS8™ (CD4 SP), and CD4 CDS8"
(CDS8 SP) thymocytes were sorted to > 95 % purity, and processed for total RNA isolation.
In certain experiments, T cells were enriched from single cell suspensions with the EasySep
T cell Enrichment Kit following the manufacturers’ guidelines (StemCell Technologies,
Vancouver, Canada). One to two million CD44'CD25" (CD4 CD8TCRydONK1.1'B220°
CDI11b'CDl11c’) DN3 thymocytes from the control and miR-185 Tg mice were sorted and

processed for total RNA isolation.
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Intracellular TCRP staining was performed using Cytoperm/Cytofix Kit (BD

Biosciences). Quantification of apoptosis was determined by staining with Annexin V and
7AAD antibodies in Annexin V Binding Buffer (BD Biosciences). Intracellular staining of
natural regulatory T cells was performed using the Mouse Regulatory T Cell Staining Kit
(eBioscience, San Diego, CA).

Total CD4" T cells, purified from the lymph nodes using magnetic beads (BD
Biosciences), were stimulated at a density of 5 x 10° cells/ml in 96-well plates with
anti-CD3e (3 mg/ml; 145.2C11) and anti-CD28 (3 mg/ml; 37.51). Following a 48 hrs culture
period at 37°C in complete RPMI (supplemented with 10% FBS, 1% L-glutamine, and 1%
penicillin/streptomycin), IL-2 levels were measured using the Mouse IL-2 ELISA Max Kit
(Biolegend, San Diego, CA).

Naive CD4" T cells were purified from the lymph nodes using the Dynal Mouse CD4
Negative Isolation Kit (Invitrogen), followed by magnetic-activated cell sorting for CD62L
expression (Miltenyi Biotec, Auburn, CA). Naive (CD4+CD62Lhigh) T cells were labeled for
10 min at 37°C with 300 nM CFSE (Carboxyfluorescein diacetate succinimidyl diester,
Invitrogen), followed by three washes with culture medium. Labeled cells were stimulated at
0.5-1 x 10° cells/ml in 96-well plates with varying amounts of anti-CD3g (0.3-3 ug/ml;
145.2C11) and anti-CD28 (0.3-3 ug/ml; 37.51) in complete RPMI for 2-3 days at 37°C.

Thymocytes from OTII Tg and OTII/miR-185 Tg-35 mice were isolated and
incubated (2 x 10° cells/ml; 24-well plate) with 10 uM of SIINFEKL or OVA class II
peptides in complete RPMI for 20 hrs at 37°C. Live percentage of DP thymocytes was

determined by gating on Annexin V' 7AAD" cells.
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Ten thousand to 1 x 10° cells per sample were acquired on FACS-Calibur and LSRII

flow cytometers (BD Biosciences). Data was analyzed using FlowJo software (Tree Star,

Ashland, OR).

Northern blotting

Total RNA (including microRNAs) was isolated from various murine tissues and/or
cell types using the miRNeasy Kit (Qiagen, Valencia, CA), based on the manufacturers’
instructions. Five to 15 ug of total RNA was resolved on 15 % urea/polyacrylamide gels and
transferred to Zeta-probe membranes (Bio-Rad, Hercules, CA). Following UV- or
carbodiimide-mediated cross-linking [136], the membranes were hybridized with miR
specific probes labeled with [*’P]-dATP using the StarFire microRNA Detection Kit
(Integrated DNA Technologies, Coralville, IA). A U6 probe was used as the endogenous
control to normalize total RNA input. Bands were visualized with a phosphorimager (GE
Healthcare Biosciences, Pittsburgh, PA), followed by quantification using ImageQuant (Bio-

Rad).

Real-time PCR

For the microRNA real-time PCR, total RNA was isolated with the miRNeasy Kit
(Qiagen) and subsequently treated with DNase (Turbo-DNAse, Ambion, Grand Island, NY).
cDNA was made from 10 ng of total RNA using the TagMan MicroRNA Reverse
Transcription Kit (Applied Biosystems, Grand Island, NY). Real-time PCR analysis was

performed using TagMan Gene Expression Master Mix, and miR-specific TagMan probes on
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an ABI 7300 series PCR machine (Applied Biosystems) according to the manufacturers’

recommendations. U6 probe was used as the endogenous control. To determine mRNA levels
by real-time PCR, RNA was isolated from sorted DN3 thymocytes using the Ambion
RNAqueous Micro-Kit (Invitrogen) and treated by DNase (Ambion). cDNA was made from
100 ng of RNA using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems).
The real-time PCR steps were performed with 5 ng of cDNA, 2X Maxima SYBR Green
qPCR Master Mix, and 100 nM ROX passive reference dye (Thermo Scientific). The real-
time cycling parameters were as follows: 1 cycle at 95°C for 10 min, followed by 40 cycles
of 95°C for 15 sec and 60°C for 60 sec on an ABI 7300 series PCR machine. All real-time
quantitative PCR reactions were performed in triplicates. Relative expression of miRs and

mRNAs was calculated by the comparative threshold method (AACr).

MicroRNA arrays

MiR arrays were from LC Sciences (LS Sciences, Houston, TX). In brief, 6 total
thymic RNA samples were prepared from 3 control (PBS) and 3 LPS-treated C57BL/6 male
mice of 6-8 weeks of age. Total 5 ug RNA per sample for each group were sent to LC
Sciences for miR profiling. The various labeled samples were analyzed on the microarray
platform with a probe set containing 649 murine miRs, based on the Sanger Version 12.0 and

13.0 database release.

Microarray analysis



20
For gene expression comparisons between the wild type and miR-185 Tg mice, total

thymocytes from control (n=6) and miR-185 Tg-6 (n=6) mice were pooled and DN3
thymocytes were sorted. RNA was isolated with the RNAqueous Micro-Kit (Ambion). RNA
samples (3 samples per group; total 6 samples) were examined for quality and integrity using
Bioanalyzer Chip. cDNA synthesis and hybridization onto [llumina SingleColor MouseWG-
6_V2 0 R1 platform was performed at the UTSW Genomics and Microarray Core Facility.
GenomeStudio Data Analysis Software Version 1.8.0 was used to analyze raw image files
from the scanned to get signal intensity values. Sample probe profiles were generated without
normalization. Using GeneSpring GX 11 Version 4.0 (Agilent Technologies, Santa Clara,
CA), quantile normalization of all samples was performed to obtain a gene-level expression
profile. Following the normalization of raw data, unpaired Student’s #-test was performed to
identify differentially expressed genes among the wild type and miR-185 Tg samples. 1.5-
fold change was used as the cut-off value to determine range of significantly deregulated
genes (p < 0.05). The microarray data were submitted to the GEO (Gene Expression
Omnibus) database with the accession number: GSE49057.

For gene expression comparisons between the miR-181d Tg and miR-181d KI mice,
whole thymus tissues from the miR-181d Tg-8 (n=2) and miR-181d KI (n=2) mice were
isolated and homogenized. Total RNA was isolated with the Qiagen miRNeasy Kit. RNA
quality and integrity was examined using Bioanalyzer Chip. c¢cDNA synthesis and
hybridization onto Illumina SingleColor MouseWG-6 V2 0 R1 platform was performed at
the UTSW Genomics and Microarray Core Facility. Subsequent analysis of microarray raw

data was performed as described previously, followed by associative #-test analysis to



21
identify significantly (p < 0.05) deregulated genes among the miR-181d Tg and miR-181d KI

samples [109,137]. The microarray data were submitted to the GEO database with the
accession number: GSE50113. Gene expression data were analyzed for enrichment of
canonical pathways through the use of IPA (Ingenuity Systems, www.ingenuity.com). Gene
Ontology Slim classification and Transcription Factor Target analysis (based on the
MsigDB) were performed through the WebGestalt (Web-based Gene Set Analysis Toolkit,
http://bioinfor.vanderbilt.edu/webgestalt/) [138,139]. 576 down- and 315 up-regulated genes
more than 1.25-fold (p < 0.05) were used in the enrichment analyses with at least 5 genes for
each category through the hyper-geometric test and Benjamini & Hochberg as multiple test

adjustment.

MicroRNA target validation

Genetic fragment encompassing pri-miR-185 (~600 bp) were PCR-amplified and
cloned into the pCDNA3.1 vector (Invitrogen). The 3’UTRs of target genes (Btk, Mzbl,
Mcm10, Camk4, Hmgal, NFATc3, Igflr, and Dusp4) were amplified by PCR and ligated
into the firefly luciferase reporter construct (pMIR-REPORT, Invitrogen). Reporter
constructs and a beta-galactosidase vector were co-transfected into COS-1 cells (1 x 10°
cells/ml in complete DMEM; 24-well plate) along with either pCDNA3.1 or pCDNA3.1-
miR-185, using the Fugene 6 Transfection Reagent (Roche, Indianapolis, IN). Cells were
processed using the Luciferase Assay Kit (Promega, Madison, WI) at 48 hrs post-
transfection. Relative luciferase activity was calculated by normalizing the firefly luciferase

to the beta-galactosidase. Murine Mzbl CDS (excluding the stop codon) was cloned into the
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pEF1/myc-His B plasmid in frame with the myc epitope (Invitrogen). Along with the

Mzb1l/myc fusion plasmid, a GFP expression vector (pEGFP) with either empty pCDNA3.1
or pCDNA3.1/miR-185 plasmids were transfected in HEK293T cells (1 x 10’ cells/ml in
complete DMEM; 24-well plate) using the X-tremeGENE 9 DNA Transfection Reagent
(Roche). Twenty-four hrs post-transfection, cells were lysed at 1 x 10’ cells/ml for
immunoblotting. For all transfections, the total amount of DNA per well was kept equivalent
by adding empty vector (pCDNA3.1). Mutations in the 3> UTR and CDS of Mzbl were

introduced with QuikChange Site-Directed Mutagenesis Kit (Stratagene).

MicroRNA knockdown

Jurkat T cells (2-2.5 x 10’ cells/ml in complete RPMI) were transfected with 10-40
nM of control inhibitor (miRNA Hairpin Inhibitor Negative Control 1, cel-miR-67) or miR-
185 inhibitor, a-miR-185, (miRIDIAN, ThermoScientific, Waltham, MA) using PepMute
siRNA Transfection Reagent (SignaGen, Rockville, MD). Transfected cells were lysed for
immunoblotting and/or analyzed for induction of calcium responses at 48 hrs post-

transfection.

Immunoblotting

A 1% Triton X-100—containing lysis buffer, pH 7.6 was used for lysing cells, and
immunoblotting was performed as previously described [135]. The following antibodies were
used: Mzbl (#11454-1-AP, Proteintech, Chicago, IL), NFATc3 (SC-8321, Santa Cruz

Biotechnology, Dallas, Texas), p-actin (#4967, Cell Signaling Technology, Danvers, MA),
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GFP (#632380, Clontech, Mountain View, CA), myc epitope (#2272, Cell Signaling

Technology), anti-rabbit HRP-conjugated secondary antibody, and anti-mouse IgG HRP-
conjugated secondary antibody [135]. Expression levels were quantified using the Imagel
software (version 1.46r). X-ray films, developed using chemiluminescence, were scanned
with the Canon CanoScan 8800r. They were saved as TIFF images with a resolution of 300
dpi. These files were converted to 8-bit gray- scale images using ImageJ software. Band
quantifications were performed as detailed (http://rsbweb.nih.gov/ij/). For the Western blots,

multiple exposures were obtained.

Measurement of intracellular calcium responses

Freshly isolated total thymocytes (1 x 10" cells/ml) were loaded with 4 mM final
concentration of Fluo-3-AM (Invitrogen) in 1X HBSS (1.2 mM Ca®’, Cellgro, Manassas,
VA) and incubated at 37°C for 30 min. Labeled thymocytes were resuspended in 1X HBSS
(2 x 10° cells/ml) and kept at room temperature until the analysis. Baseline fluorescence was
monitored for 45 sec before adding biotinylated anti-CD3e (Biolegend) and anti-CD4
(Biolegend) with a final concentration of 1 mg/ml of each. The fluorescence intensity was
measured for 45 sec, followed by streptavidin addition at 2 mg/ml and monitoring for an
additional 330 sec. In certain experiments, the SERCA pump inhibitor thapsigargin was
added at 1 mM after 105 sec. Maximal calcium responses were determined by adding
Ionomycin at 2 mM for 90 sec, with the fluorescence signal subsequently quenched by the
addition of MnCl, at 1 mM for 60 sec. Jurkat T cells (1 x 107 cells/ml) following 48 hrs after

transfection with antagomirs were loaded with 4 mM final concentration of Fluo-3-AM in 1X
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HBSS (1.2 mM Ca*") at 37°C for 30 min. Baseline fluorescence of these cells (2 x 10°

cells/ml in 1X HBSS) was monitored for 45 sec. Upon the addition of C305.2 at 1 mg/ml, the
fluorescence intensity was measured for 270 sec. Maximal calcium responses were
determined by adding Ionomycin at 1 mM for 60 sec, and the fluorescence signal was
subsequently quenched by the addition of MnCl, at 1 mM for 60 sec. All sample acquisition

during measurements of intracellular calcium responses was performed at 37°C.

Statistical analysis

Mean values, standard deviation (SD), and standard error of the mean (SEM), and
Student’s #-test were calculated with GraphPad Prism Software (GraphPad Software Inc., La
Jolla, CA). The statistical significance was designated with asterisks (*p < 0.05, **p < 0.01,

*#%p < 0.001) and p-values more than 0.05 were considered non-significant (n.s.).

Primers and probes

All primers and probes used in this study are listed in Table 2.1.
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Northern blot probes (5°-3°)

Real-time PCR primers (5°-3’)

miR-106a ctacctgcactgttagcactttg Camk4 Fwd tagccacaccagcatccaagagaa
miR-1224 ctccacctceccagtectcac Camk4 Rev agaagatctgtgctgtccttggea
miR-125b-5p tcacaagttagggtctcaggga NFATc3 Fwd accaggtgcatcggattactggaa
miR-15a cacaaaccattatgtgctgcta NFATc3 Rev acctgcacagtcaatactcgetga
miR-150 cactggtacaagggttgggaga Mzbl Fwd agtggattgcaggagctgagtgaa
miR-17 ctacctgcactgtaagcactttg Mzbl Rev tcatcacgctgattettggetetg
miR-181a actcaccgacagcgttgaatgtt Primers used in the target validation (5°-3’)
miR-181b acccaccgacagcaatgaatgtt Btk 3’°UTR Fwd gagctecgetggctgetaage
miR-181¢c actcaccgacaggttgaatgtt Btk 3’UTR Rev aagcttttccaataattttattg
miR-181d acccaccgacaacaatgaatgtt Camk4 3°’UTR Fwd ttactagtgatgccggtgaagctcttctge
miR-185 tcaggaactgcctttctctcca Camk4 3°’UTR Rev ttactagtgccaagctgggcttaacacacc
miR-20a ctacctgcactataagcacttta Dusp4 3°’UTR Fwd ttactagtcgtctctggaccccaaatccag
miR-20b ctacctgcactatgagcactttg Dusp4 3°’UTR Rev ttgagctcgggagggcgtttcagagtattc
miR-205 cagactccggtggaatgaagga Hmgal 3’UTR Fwd ttactagtgcctgetccatagecactgag
miR-26b acctatcctgaattacttgaa Hmgal 3°’UTR Rev ttgagctcagaaaccagggaggaagecc
miR-128 aaagagaccggttcactgtga Igflr 3’UTR Fwd ttactagttcctcggacacaccgaageac
miR-342-3p acgggtgcgatttctgtgtgaga Igflr 3’UTR Rev ttgetagetgeatectggggactcageag
miR-705 tgcccaccccacctceccace Mcm10 3’UTR Fwd | ttactagtctctcttcagacaccgcccaace
miR-709 tecteetgectetgectee Mcm10 3’UTR Rev ttgagctccccacactaaaggtgaggagage

Primers used in cloning of miRs (5°-3’)

Mzbl 3°’UTR Fwd

ttactagtccaacctgctgcacttetgg

miR-181d Fwd

atgaattcgtcggtgagtttgggcage

Mzbl 3°’UTR Rev

ttgagctcagaaaggcagectcagteec

miR-181d Rev

tggaattccatccccccagagtcteec

Mzbl CDS Fwd

ttggatccatgagactgcectctgecactg

miR-185 Fwd

gaattcgcgatcagaaggctaggg

Mzbl CDS Rev

tatctagactaagctcttctctctgggecag

miR-185 Rev

gaattccctcctatcagetgece

NFATc3 3’'UTR Fwd

ttactagtcttttgcccaccacggactg

NFATc3 3°’UTR Rev

ttgagctcagaagcagcagcageageac




CHAPTER THREE

DYNAMIC MODULATION OF THYMIC MICRORNAS IN RESPONSE TO

STRESS

The work presented in this chapter was originally published as: Belkaya, S., R. L. Silge, A.
R. Hoover, J. J. Medeiros, J. L. Eitson, A. M. Becker, M. T. de la Morena, R. S. Bassel-
Duby, and N. S. van Oers. 2011. Dynamic modulation of thymic microRNAs in response to

stress. PLoS One 6: €27580.

Introduction

The thymus is the critical organ required for the production of the aff T lymphocytes
of the immune system, a developmental process maintained throughout life [18,29,140].
Selection mechanisms within the thymus ensure the development of naive T cells capable of
recognizing foreign peptides bound to self-MHC molecules, which are presented in the
peripheral lymphoid organs [18]. These self-restricted T cells are essential for effective
immune responses to infections. Interestingly, developing thymocytes are exquisitely
sensitive to physiological and pathological stresses, which cause a rapid programmed cell
death termed apoptosis [23,141]. This response is evident during infections, as well as in
humans undergoing immunosuppressive treatments, radiation therapy, and/or surgery
[27,142,143]. Even milder stress such as pregnancy, emotional anxiety, malnutrition, or

alcoholism can reduce thymic cellularity [30,144,145,146]. All these forms of stress increase

26
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the systemic and/or intrathymic production of glucocorticoids, which are major regulators of
lymphocyte apoptosis [147,148]. In the case of bacterial infections, the innate immune
system responds to pathogen associated molecular patterns (PAMPs), releasing inflammatory
cytokines, such as interferon, IL-13, TNF-a, IL-6, and leukemia inhibitory factor (Lif)
[144,149,150]. The IL-6 family (oncostatin-M, IL-6, leukemia inhibitory factor) induces the
production of corticosteroids (glucocorticoids (GC)) from the Hypothalamic-pituitary-
adrenal (HPA) axis and intrathymically [151,152,153]. Influenza virus also elevates GCs
systemically, albeit via undefined mechanisms [154]. Clinically, synthetic GCs (e.g.
dexamethasone, methylprednisone) are routinely used to suppress immune functions in
transplant recipients, during autoimmune and systemic inflammatory disorders, and for
treating certain malignancies [155,156,157]. The effects of these treatments on thymopoiesis
are becoming better understood with the identification of down-regulated genes that are
coupled to T cell development, cell cycle, and cell activation [129]. Functionally, GCs,
lipophilic steroids, diffuse across the plasma membrane and complex a specific member of
the nuclear receptor family, designated nuclear receptor 3, group C, member 1 (NR3CI1)
[141]. This GC-bound receptor complex dimerizes and translocates into the nucleus where it
interacts with GC-response elements, culminating in the trans-activation of apoptotic effector
genes [141,147,158,159]. DP thymocytes are very sensitive to GC-induced cell death
because of high levels of NR3C1 [40,141].

MicroRNAs (miRs) are key, stress-responsive regulators in the immune,
hematopoietic, cardiac, thyroid, and auditory systems [118,119,120,121,122]. They are small,

non-coding RNA molecules (20-24 nucleotides in length) that repress global mRNA
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translation and/or induce mRNA degradation [119,160]. Within hrs of exposure to GCs, the

protein levels of three miR-processing enzymes, Drosha, DGCRS, and Dicer are reduced
significantly in thymocytes [131]. These enzymes/miR-binding proteins generate mature
miRs from the larger pre-miRs processed from primary miR transcripts. The targeted
deletion of Dicer and Drosha in developing thymocytes causes a significant loss of cells, and
results in a lethal lymphoid inflammatory disorder, partly from the loss of T regulatory cells
[161,162,163]. Thus, a transient loss of Dicer and Drosha following GC treatment could
modulate T cell development. There are several additional miRs with key roles in
thymopoiesis. MiR-181a is highly expressed in DP thymocytes, representing 15% of the total
miR pool [92,93,97]. This particular miR targets genes that regulate T cell receptor signaling
pathways [93,97]. The normal levels of miR-181a maintain T cell tolerance to self-
peptide/MHC molecules, with a reduction in this miR increasing the number of self-reactive
T cells [96]. Less is known about the role of the three other miR-181 family members (miR-
181b, miR-181c, and miR-181d), two of which are expressed in developing thymocytes [92].
While little is known about the effects of stress on the thymic miRs, certain miRs are up-
regulated in innate effector cells following bacterial infections and/or LPS exposure (miR-
146a, miR-155) [120,125,126,164,165,166]. The targeted deletion of miR-146a in T
regulatory cells results in rampant autoimmunity [165]. Given the critical function of T cells
in the immune system, the modulation of miRs during thymopoiesis could have important
clinical consequences.

The work in this chapter describes 18 thymic miRs that are dysregulated > 1.5-fold in

mice exposed to LPS or dexamethasone for one to three days. Many of these miRs exhibited
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a distinct responsiveness in immature versus mature thymocyte subsets, with the CD4 CDS8"
subset the most refractory to miR down-regulation. MiR-181d, a member of the miR-181
family, had an up to 15-fold reduced expression following LPS or dexamethasone treatment,
suggesting an important functional role for this miR in thymopoiesis. These experiments
indicate that stress can have a profound impact on thymopoiesis, altering the expression of

miRs involved in apoptosis, tolerance, and proliferation.

Results
LPS and synthetic steroids reduce CD4'CD8" thymocyte numbers

Stress, resulting from infections, induces thymocyte apoptosis and suppresses
peripheral T cell responses [149,150,151,152,159]. A single intraperitoneal (IP) injection of
100 ug lipopolysaccharide (LPS), used to mimic a bacterial infection, caused a significant
reduction in the percentage of CD4 'CDS" (DP) thymocytes within 24 hrs (Figure 3.1A).
These DP cells were almost completely eliminated by 72 hrs (Figure 3.1A). The reduced
percentage of DP cells results from LPS-induced elevations in glucocorticoids [152].
Consistent with this, an IP injection of 60 ug dexamethasone (Dex), a synthetic
glucocorticoid, also caused a significant loss of the DP thymocytes that was revealed within
24 hrs (Figure 3.1A). While both treatments increased the percentage of CD4'CD8” and CD4
CDS" (SP) thymocytes, the absolute numbers of these SP cells were not altered (Figure 3.1A-
C). This indicated that the DP subset was selectively targeted (Figure 3.1B-C). Unlike
thymocytes, the consequences of LPS and Dex injections on peripheral lymphocytes were

distinct. LPS increased the number of mature B cells (B220") at 48 hrs while Dex caused a
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depletion of both B and T cells (Figure 3.2A-D). Taken together, these results indicate that

DP thymocytes are acutely sensitive to stress induced by both LPS and Dex.

Selected thymic microRNAs are differentially regulated in diverse tissues following stress
Three miR processing enzymes, Drosha, DGCRS8, and Dicer, are significantly
reduced in thymocytes within 6-12 hrs of glucocorticoid treatment, leading to an overall
reduction in the miRs in the thymus [131]. These findings suggested that the most dramatic
changes in thymocyte subset composition occurred at 72 hrs. To profile the miRs at this time
point, total RNA was prepared from the thymus of mice at 72 hrs after treatment with PBS or
LPS. Murine microRNA arrays were used to profile over 600 miRs [132]. Seven and 11
distinct miRs were up- and down-regulated, respectively, at levels greater than 1.5-fold (p <
0.05, 3 mice/group) (Figure 3.3A). The changes in 14 of the 18 miRs were confirmed by
northern blotting using probes specific for each miR, with U6 RNA as an internal control for
RNA levels. MiR-125b-5p, miR-150, miR-205, and miR-342-3p were consistently up-
regulated in the thymic tissue from the LPS injected mice (Figure 3.3B). MiR-15a, miR-17,
mir-20a, miR-20b, miR-106a, miR-128, miR-181a, miR-181b, and miR-181d were
consistently down-regulated (Figure 3.3C). While miR-26b appeared down-regulated, based
on the microRNA array data, northern blots did not consistently reveal this change (Figure
3.3C). MiR-1224, miR-709, and miR-705 could not be characterized by northern blotting due
to high, non-specific background issues with the probes (data not shown). MiR-185 gave a

weak signal when assessed by northern blotting (data not shown). Of note, the fold changes
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revealed in the miR microarrays were much greater than that identified by northern blotting
because the arrays are more sensitive, specific, and quantitative [167].

We next examined whether any of the miRs identified in the thymus were stress
responsive in other tissues [92]. Northern blotting was performed using RNA isolated from
the heart, kidney, liver, brain, spleen, and thymus of PBS-, LPS- and Dex-treated mice at 72
hrs post-injection (Figure 3.4). While miR-150 was identified in both the spleen and thymus,
it only appeared up-regulated in the thymic tissue following LPS or Dex treatments. MiR-205
and miR-181d were uniquely expressed and stress responsive in the thymic tissue. MiR-128,
identified in the brain and thymus, was only down-regulated in the latter following a stress
response. Of the miR-181 family members that were stress responsive in the thymus, miR-
181a and miR-181b were also weakly expressed in the brain and spleen. Many of the other
miRs were stress responsive in diverse tissues (Figure 3.4). For example, miR-15a, miR-17,
miR-20b, and miR-26b were stress responsive in nearly every tissue examined. MiR-342-3p,
primarily brain- and spleen- specific, was reduced upon LPS and Dex treatment. MiR-20b,
miR-106a, and miR-150 were stress responsive, but were only identified in the thymus and
spleen. MiR-125b-5p was highly expressed in the brain and heart, but it was detected at low
levels in other tissues (Figure 3.4). Taken together, these experiments reveal that many of the
miRs identified in the thymus are stress responsive in different tissues.

The miR array profiling was undertaken at a single time point (72 hrs). To determine
the temporal alterations in miR levels following LPS or Dex treatments, northern blots were
performed with RNA extracted from the thymus at 24, 48, and 72 hrs. MiR-125b-5p and

miR-150 exhibited a transient, 2-fold increase 24 hrs post-LPS and -Dex injections (Figure
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3.5A; lanes 2 and 5 versus 1). MiR-150 continued to increase and plateaued between 48 and
72 hrs (Figure 3.5B; lanes 6-7). Unlike miR-150, miR-125b-5p was primarily expressed in
stromal tissue, as it was not detected in purified thymocytes (Figure 3.5A-B; lanes §-9).
MiR-181a transiently increased in the LPS-treated mice at 24 hrs, but thereafter dropped 1-
and 5-fold upon LPS and Dex treatments, respectively (Figure 3.5C; lanes 4-7). MiR-181d
exhibited the most dramatic down-regulation after both LPS and Dex treatments, with an up
to 15-fold reduction by 72 hrs (Figure 3.5D; lanes 3, 5-7). The other miRs exhibited time
dependent changes in expression (Figure 3.6). In summary, at least 18 distinct miRs
expressed in the thymus are dynamically regulated following LPS- and Dex-induced stress

responses.

MicroRNA expression patterns are differentially affected by stress in specific thymocyte
subsets

To determine whether the stress-responsive miRs were equivalently or differentially
regulated in particular T cell subsets, thymocytes from control and LPS-injected mice were
sorted into the DN, DP, CD4 SP, and CD8 SP subsets. MiR profiling was performed using
quantitative real-time PCR (RT-PCR) with miR-specific probes (Figure 3.7A-D). With the
exception of miR-150 and miR-342-3p, the majority of the miRs were down-regulated in the
DN subset. The reduced expression of the miR-17-90 cluster and the miR-181 family was
even more pronounced in the DP population (Figure 3.7B). Comparing all the thymocyte
subsets, the CD8 SP was the most divergent, with the miR-17-90 cluster up-regulated 2-fold

and the miR-181 group unaffected by the LPS treatment (Figure 3.7D). It should be noted
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that the down-regulation of the miR-181 family was not as obvious with the RT-PCR assays

as with the arrays. This is because miR-181a, miR-181b, miR-181¢c, and miR-181d are very
conserved, with only 1-4 bp differences within this family. Since the PCR amplification is
not as stringent as the arrays, and it is likely that miR-181a/b can be amplified to a small
degree when using a miR-181d specific primers, causing a less obvious down-regulation. In
summary, LPS exposure induces a dynamic, time-dependent modulation of miRs that is

distinct in each of the thymocyte subsets.

Discussion

MiRs have critical roles in the development, differentiation, and expansion of cells in
many organ systems. Stress directly affects the biogenesis and functionality of miRs [168].
We describe a set of miRs expressed in the thymus that are differentially regulated following
the introduction of systemic stress in vivo. The stress was induced by LPS to mimic bacterial
infections, and by Dex, the known modulator of LPS-induced thymocyte apoptosis. Many of
the miRs present in the thymus that were down-regulated following LPS or Dex injection
belong to the miR-17-92 cluster, which are anti-apoptotic [169]. The miR-17-92 cluster
includes miR-17, miR-20a, miR-20b, and miR-106a. Their down-regulation is consistent
with the increased apoptotic program initiated in the thymocytes. Previous work has shown
that this same cluster is significantly down-regulated in thymocytes within 6 hrs of
glucocorticoid treatment [131]. The short-term (6 hrs) Dex treatments cause a reduction in
most miRs due to diminished levels of three key MiR processing enzymes: Drosha, DGCRS,

and Dicer [131]. Consequently, no thymic miRs are increased in expression. We examined
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the longer-term consequences of stress on thymic miRs. As the thymocyte subpopulations are
dramatically altered following stress, we also examined the miRs changes in individual
thymocyte subsets. For the DP population, the miR-17-92 cluster is reduced at all time points
examined. This reduction is unique to the DP subset since the cluster is unchanged in the
CD4 SP cells, and up-regulated in the CD8 SP population. The loss of this cluster in the DP
subset is consistent with the increased programmed cell death evident in these cells. We
hypothesize that such a change is necessary to prevent tolerogenic signals in the DP cells
during infections when foreign antigens are present. Furthermore, we speculate that the up-
regulation of the miR-17-92 cluster in the CD8 SP cells may be important in preventing these
cells from dying during infections, providing for a new source of naive T cells required for
maintaining an ongoing immune response. It is interesting to note that even among DP
thymocytes several miRs are up-regulated after 24 hrs of stress. MiR-709, miR-1224, and
miR-342-3p/5p are increased several-fold in the DP subset, while miR-150 and miR-342-3p
are increased in all the thymocyte subsets. Contrasting these findings, miR-150 is up-
regulated 2 to 3.5-fold in the mature SP subsets, while remaining unchanged in the DP
population. It is noteworthy that elevations of miR-150 in the hematopoietic system, via
retroviral transduction, cause early developmental arrest of B cells and contribute to myeloid
leukemia’s [170]. This suggests that long-term stress could promote a developmental arrest
of the DN cells via the up-regulation of miR-150, the target of which is c-Myb [89]. A
number of stress responsive miRs have been characterized in innate effector cells following
LPS exposure or infections, including miR-146, and miR-155 [120,166]. Interestingly, these

miRs are not modulated significantly in the thymocyte subsets, implying that stress has
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distinct effects on the innate versus adaptive immune system. It was noted that the magnitude
of miR modulation was not as accurate when using real-time RT-PCR assays compared to
the microRNA arrays. This is consistent with the known RT-PCR disadvantages for
quantitating miRs [167].

Of the stress responsive miRs identified in the thymus, miR-181d is the most
dramatically down-modulated miR. This miR is a member of the miR-181 family, with all
four members sharing an almost identical seed sequence. MiR-181d is the most divergent of
the four, and is located approximately 85 bp downstream of miR-181c. While both miR-181c
and miR-181d are expected to arise from the same polycistronic message, miR-181c is not
highly expressed in thymocytes, suggesting additional post-transcriptional processes [92]. In
addition, miR-181¢ and miR-181d are encoded on a chromosome (murine chromosome 8)
distinct from the miR-181a and miR-181b cluster, which have undergone gene duplication on
two separate chromosomes (murine chromosomes 1 and 2). This difference could also
explain why miR-181d expression levels are very susceptible to stress compared to miR-181a
or miR-181b. The entire family has a complex regulation and function. Thus, the pre-miR
loop nucleotides of miR-181a versus miR-181c result in the differential ability of miR-181a
to regulate thymocyte development compared to miR-181c [95]. The stem-loop structure of
miR-181d is the most distinct of all members. These findings suggest important functional
distinctions between miR-181a and miR-181d. MiR-181d is more highly expressed in
induced T regulatory cell populations and pre-B cells, compared to the other family members

[92].
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The differentially regulated miRs expressed in the thymus may have functions
systemically, especially since miRs are very stable and are detected in the plasma and tissue
fluids, indicating that miRs are not restricted to their site of production [171]. From a
physiological perspective, we suggest that stress-responsive miRs have crucial roles in the
specific elimination of DP thymocytes following stress, thereby preventing tolerance to

foreign, pathogen-derived antigens.
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Figure 3.1. Lipopolysaccharide and dexamethasone deplete immature CD4 CD8"
thymocytes. (A) Thymocytes were isolated from either control (PBS injected, t= 72 hrs), or
LPS and dexamethasone (Dex) injected mice (t= 24, 48 and 72 hrs). The cells were stained
for CD4 and CDS8, and analyzed by flow cytometry. The percentage of CD4 CDS8 (DN),
CD4'CD8" (DP), CD4'CDS8™ (CD4 SP), and CD4'CD8" (CD8 SP) subsets are provided in
each quadrant of the dot plot profiles. (B) The total thymic cellularity and the number of
CD4'CDS8" cells were calculated at 24, 48, and 72 hrs post-injection and are shown in a log
scale. (C) The absolute number of mature CD4'CD8  and CD4 CD8" SP cells after PBS,
LPS, and Dex treatments were calculated at t= 24, 48 and 72 hrs post-injection. Data are
representative of the mean +/- SD from at least 8 mice per group (*p < 0.05, **p < 0.01,
*#%p <0.001, versus the PBS control; One-way ANOVA analysis).
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Figure 3.2. Lipopolysaccharide and dexamethasone have differential effects on
peripheral lymphocytes. (A) Lymphocytes were isolated from control (PBS injected, t= 72
hrs), LPS, or Dex injected mice (t= 24, 48 and 72 hrs). The total lymphoid cellularity was
determined. (B-D) The splenic cells were stained with fluorochrome-labeled anti-B220, anti-
CD3, anti-CD4, and anti-CD8 mAbs and analyzed by flow cytometry. The absolute number
of B220" B cells (B), CD4'CD8 T cells (C), and CD4CDS8" T cells (D) were calculated at
24, 48, and 72 hrs post-injection, after appropriate electronic gating to determine the
percentage of each population. Data are representative of the mean +/- SD from at least 5
mice per group (*p < 0.05, **p < 0.01, ***p < 0.001 versus the PBS control; One-way
ANOVA analyses).
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Figure 3.3. Stress-responsive signature microRNAs in the thymic tissue. (A) Graph
shows 18 distinct miRs with a statistically significant fold change (p < 0.05) in expression.
Fold change indicates the change in miR expression in LPS-treated sample relative to PBS-
treated thymus sample. (B) Northern blots of 4 miRs that were upregulated in the thymic
tissue at 72 hrs after LPS injection. (C) Northern blots were performed on 10 miRs that were
down-regulated at 72 hrs after LPS injection. (B-C) Data are representative of at least 3
independent experiments.
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Figure 3.4. Differential expression of stress-responsive microRNAs in diverse tissues.
Total RNA was isolated from the heart, kidney, liver, brain, spleen, and thymus of PBS-,
LPS-, or Dex-treated mice at 72 hrs post-injection. The individual miRs were detected by
Northern blotting. The relative amounts of RNA input were determined by blotting for U6.

Data are representative of at least 3 independent experiments.
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Figure 3.5. Time-dependent alterations in the expression of miR-125b-5p, miR-150,
miR-181a, and miR-181d upon stress. (A-D) Total RNA was isolated from thymic tissue
prepared from PBS- (lane 1), LPS- (lanes 2-4), and Dex- (lanes 5-7) treated mice at 24 hrs
(lanes 2, 5), 48 hrs (lanes 3, 6), and 72 hrs (lanes 1, 4, 7). In lanes 8-9, RNA was prepared
from purified T cells isolated from the thymus. Northern blots were performed for the
selected miRs: miR-125b-5p (A), miR-150 (B), miR-181a (C), and miR-181d (D). The
samples were normalized for total RNA amounts with a U6 probe. Data shown are the mean
+/- SD of relative fold changes in miR expression levels of PBS- versus LPS- or Dex-treated
samples from 3 to 5 independent Northern blots (*p < 0.05, **p < 0.01, ***p < 0.001, versus
the PBS control; Two-tailed unpaired Student #-test).
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Figure 3.6. Stress responsive changes in thym

Total RNA was isolated from thymic tissue prepared from PBS- (lane 1), LPS- (lanes 2-4),

and Dex-treated (5-7) mice at 24 hrs (lanes 2, 5), 48 hrs (lanes 3, 6), and 72 hrs (lanes 1, 4,

7). In lanes 8-9, T cells were purified from the thymus preparation prior to Northern blotting
for the selected miRs. The samples were normalized for total RNA amounts with a U6 probe.

Data shown is mean +/- SD of relative fold changes in miR expression levels of PBS- versus

LPS- or Dex-treated samples from 3-5 independent northern blots.
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Figure 3.7. Stress-responsive thymic microRNAs are differentially regulated in
thymocyte subsets. (A-D) Thymocytes from PBS and LPS injected mice (72 hrs) were

sorted into CD4°CD8” (DN) (A), CD4'CD8" (DP) (B), CD4 CDS8 (CD4 SP) (C), and CD4
CDS" (CDS8 SP) (D) subsets. RNA was isolated from the sorted sub-populations. Real-time

microRNA RT-PCR was used to detect the levels of the indicated miRs in various subsets.
The vertical line on the figure indicates the control (PBS) threshold set as 1. Data represent
the average fold changes +/- SD in miR expression levels of PBS- versus LPS-treated
samples normalized to the endogenous U6 levels, of 4 independent experiments performed in
triplicate (*p < 0.05, **p < 0.01, ***p < 0.001, versus the threshold; One sample Student ¢-

test).
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CHAPTER FOUR

TRANSGENIC EXPRESSION OF MICRORNA-181D AUGMENTS THE STRESS

SENSITIVITY OF CD4°'CD8" THYMOCYTES

This chapter presents unpublished data submitted as: Belkaya, S., and N. S. van Oers.
Transgenic expression of microRNA-181d augments the stress sensitivity of CD4 CD8"

thymocytes.

Introduction

The thymus is the primary organ responsible for T cell development, providing for a
continuous output of effector and regulatory T cells. Interestingly, this tissue is hyper-
responsive to stress resulting from infections, trauma, pregnancy, starvation, and alcoholism
[27,29,30,140,142,143,146]. These diverse forms of stress induce a thymic involution,
caused by the deletion of immature CD4 CDS8" thymocytes and a ensuing reduction in
thymic cellularity [23,172]. In the case of infections, the release of pathogen-associated
molecular patterns, such as lipopolysaccharide (LPS) activates Toll-like receptor 4 signaling
pathways, releasing inflammatory cytokines that cause thymocyte cell death [52,129,132].
Elevations in these inflammatory cytokines (IL-1p, IL-6, and LIF) induce the production and
release of glucocorticoids (GC) via the hypothalamic-pituitary-adrenal axis and
intrathymically [33,147,148,151,152]. The GCs, as lipophilic steroids, diffuse across the

plasma membrane and trigger apoptosis of thymocytes by binding to GC-receptors (NR3C1)
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that are expressed at high levels within the CD4'CD8" (DP) thymocytes [35,36,141].

Synthetic GCs (e.g. Prednisone and Dexamethasone) are widely used for the treatment of
patients with malignancies and autoimmune diseases, although their effects on thymocytes
are not often realized [155,173]. A second mechanism underlying the stress-induced thymic
atrophy is the direct sensing of microbial molecules by pattern-recognition receptors
expressed on thymic epithelial cells (TECs) [26,172,174]. Activation of these pathways
reduces the ability of TECs to support thymopoiesis [58,172].

Several microRNAs (miRs) can modulate stress responses in tissues such as the
thymus, heart, and brain [168,175,176]. MiRs are a class of small, non-coding RNA
molecules that regulate gene expression at the post-transcriptional level by degrading
mRNAs and/or repressing mRNA translation [77,78]. In the thymus, reductions in the pre-
miR Rnase, Dicer, and/or just miR-29a increase the levels of the IFN-a receptor on TECs,
decreasing their ability to support thymopoiesis following viral infections [58]. LPS and/or
dexamethasone injections cause a transient loss of both Dicer and DGCRS8 in TECs and
immature thymocytes within the first 6-12 hrs, significantly reducing miR biogenesis [131].
At later time points, there is a selective up- and down-modulation of 18 thymically-encoded
stress responsive miRs [132]. MiR-181d is one of the most stress-responsive miRs identified
in the thymus, declining 15-fold after several days post-LPS injection [132]. It is a member
of miR-181 family that includes miR-181a, miR-181b, and miR-181c. These four miRs are
produced from three different polycistronic clusters: 181abl, 181ab2, and 181cd [94,95]. In
contrast to miR-181d, miR-181c remains unchanged while miR-181a and miR-181b are

reduced 2- and 6-fold upon stress, respectively [132]. Such results reveal a differential
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regulation of miR-181 family members under both steady and disease states [91,92,132].

Reductions in miR-181a increase the cell survival of astrocytes from ischemia-like injury
upon glucose deprivation, in part via elevations in one of its targets, Bcl2 [177]. In
developing thymocytes, miR-181a controls T-cell repertoire selection by targeting CD69,
Bcl2, Dusp5, Dusp6, Ptpnll, Ptpn22, Nrarp, and Pten [97,98,99,100,101,131,177]. While
miR-181a/b knockout (KO) mice have normal af3 T cell development, their NK T cell
development is blocked [100,101]. Contrasting this, the complete deficiency of all miR-181
family members is embryonic lethal, suggesting a functional compensation or redundancy
[99].

To study the contribution of miR-181d to stress-induced thymic atrophy, we
generated two transgenic (Tg) mouse models with increasing levels of miR-181d in immature
thymocytes and peripheral T cells. The miR-181d Tg mice exhibited a statistically significant
reduction in DP thymocytes. /n vivo LPS and Dexamethasone (Dex) injections caused a
substantial increase in the stress-sensitivity of the DP thymocytes, in a miR-181d dose-
dependent manner. The targeted mutation of the miR-181d sequence in the mouse genome
revealed a similar stress-mediated thymic atrophy as control mice. These results suggest that

multiple miR-181 family members function in a compensatory manner.

Results
Generation of miR-181d transgenic mice
The miR-181 family comprises four members, miR-181a, miR-181b, miR-181c, and

miR-181d, generated from three separate genomic clusters (miR-181ab1, miR-181ab2, miR-
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181cd) [94,95]. While all share an identical seed sequence at their 5’ end, miR-181d is the

most divergent member with between 1 and 5 nucleotide differences (Figure 4.1A). All miR-
181 family members are primarily expressed in the thymus, at levels at least 10-20 fold
higher than the brain and liver [92]. In most other tissues, they were very low or undetectable
(Figure 4.1B). Although miR-181c and miR-181d are transcribed from the same cistron,
miR-181d is expressed at least 5-10 fold higher in the hematopoietic lineages, including
immature thymocytes and T-helper cells [91,92]. It is one of the most stress responsive miRs
in the thymus, with reductions of 15-fold occurring following LPS treatment. MiR-181c¢
expression was unaffected upon stress [132]. This indicates that additional post-
transcriptional mechanisms exist for the processing of miR-181d.

In order to identify the contribution of miR-181d to thymopoiesis under normal and
stress conditions, we first utilized a gain of function approach. Since miR-181¢c and miR-
181d are separated by only 85 nucleotides, the expression of miR-181d could only be
achieved by including 146 bases upstream of miR-181d [132]. This excluded the first 28
nucleotides of miR-181c, eliminating the seed sequence of mature miR-181c and the sense-
antisense base pairing involved in pre-miR-181c formation (Figure 4.1C). With this
construct, transgenic mice were generated in which the murine pri-miR181d was over-
expressed in thymocytes and peripheral T cells (Figure 4.1C) [134]. Two transgenic lines
(Tg-8 and Tg-38) were selected based on their increasing levels of miR-181d expression.
Relative to the wild-type control, which was set as 1, miR-181d was over-expressed 2- and 6-
fold in Tg-8 and Tg-38, respectively (Figure 4.1D). Interestingly, we also detected increased

levels of miR-181c in miR-181d transgenic thymocytes although the transgenic construct
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excluded a significant portion of the mature miR-181c (data not shown). This is likely due to

the cross-reactivity between RT-PCR probes designed for these highly homologous miRs.

Elevated levels of miR-181d perturb T cell development

The total thymic cellularity was decreased in both the Tg-8 and Tg-38 lines (Figure
4.2A). This was matched with an increased percentage of CD4 CD8 (DN) cells, an effect
directly correlated with elevated levels of miR-181d (Figure 4.2B-C). Both the percentage
and number of CD4'CD8" (DP) thymocytes in Tg-8 and Tg-38 lines were significantly lower
than in control mice (Figure 4.2B-D). While the percentages of CD4'CD8  (CD4 SP) and
CD4CDS8" (CD8 SP) thymocytes were increased significantly, their overall cell numbers
were similar, reflecting the decreased percentage of DP thymocytes (Figure 4.2E). The DN
cells were next characterized for CD44 and CD25 expression, markers used to define 4
subsets, DN1-DN4. The miR-181d transgenic mice had a similar profile of DN1-DN4 cells
as wild type mice (data not shown). In addition, similar levels of intracellular TCRP and
surface CD5 expression were detected in the DN3 (CD44°CD25") thymocytes from the
control and miR-181d Tg mice, indicating normal TCR rearrangements and pre-TCR
signaling, respectively (data not shown). Finally, the proportion and numbers of 3 T cells
and NK1.1" cells were normal in miR-181d Tg mice (data not shown).

The reduced number DP thymocytes in the miR-181d transgenic mice could be
caused by accelerated positive selection, diminished cell survival, and/or increased sensitivity
to stress. DP thymocytes had a normal expression of CDS, CD69, and TCRf (Figure 4.2F).

In contrast, the expression of CD69 on CD4 SP and CD8 SP thymocytes was significantly



49

decreased in a miR-181d dose-dependent manner (Figure 4.2G-H). Moreover, the ratio of
CD69 TCRB"E" (early stage) to the CD69'TCR[3high (late stage) SP thymocytes was lower in
miR-181d Tg mice (Figure 4.2I). This suggests that elevations in miR-181d levels might alter
further maturation and/or egress of SP thymocytes. Furthermore, Annexin V and 7-AAD
staining showed no alterations in cell death of immature thymocytes in the Tg-8 and Tg-38

lines (data not shown).

MiR-181d transgenic mice have slightly reduced peripheral T cell numbers

The total cellularity of lymph nodes and spleen was similar in all the Tg lines
compared to normal mice (Figure 4.3A-B). Both percentages and numbers of CD4'CDS8 T
cells were slightly lower with increased miR-181d levels (Figure 4.3C-H), but this reduction
only reached statistical significance in the Tg-38 line when comparing percentages of
CD4'CDS8 T cells in the lymph nodes, and for the absolute numbers of CD4'CD8™ T cells in
the spleen (Figure 4.3D, H). The reductions in peripheral CD4CD8" T cells were more
pronounced in miR-181d Tg lines (Figure 4.3C-H). Both the percentages and numbers of
mature CD4'CDS8" T cells were significantly decreased in lymph nodes and spleen of the Tg-
38 line (Figure 4.3D-E, G-H). While the cellularity was marginally altered, the percentages
of peripheral B220" B cells were equivalent in the control and miR-181d Tg mice (data not
shown). The activation and memory phenotypes were not different when comparing the
mice, as revealed with the similar CD44 and CD62L profiles (data not shown). In addition,
the naive miR-181d Tg-8 and Tg-38 T cells displayed similar survival and proliferative

responses as wild type controls upon anti-CD3/CD28 stimulations in vitro (data not shown).
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Taken together, these results suggested that once the T cells egressed from the thymus, they

had normal functions.

Transgenic expression of miR-181d augments stress-induced thymic atrophy

To study the impact of miR-181d on stress-induced thymic atrophy, we analyzed the
effects of LPS injections on thymic cellularity (Figure 4.4A). LPS treatment (100 ug/mouse)
resulted in 2- and 4-fold greater reduction in both percentages and numbers of DP
thymocytes in the Tg-8 and Tg-38 lines, respectively, compared to wild-type control (Figure
4.4B-D). While the percentages of CD4 SP and CD8 SP thymocytes were increased in the
transgenic lines after LPS injection, the absolute numbers of these SP thymocytes remained
equivalent to the wild type control (Figure 4.4C-D). The decreased ratio of DP thymocyte
numbers in LPS- versus PBS-treated control and transgenic mice further supported the
findings that miR-181d enhanced stress sensitivity of DP thymocytes (Figure 4.4E). The DP
thymocytes in the miR-181d Tg lines had elevated cell death markers upon stress (Figure
4.4F). Moreover, a dose response analysis using varying amounts LPS indicated an
accelerated depletion of DP thymocytes at all doses (Figure 4.5A). Peripheral T and B cell
numbers were similar in the control and miR-181d Tg mice following LPS injections,
indicating that the miR-181d effects are specific to the thymus (data not shown) [132].

Consistent with LPS-induced thymic atrophy, an IP injection of dexamethasone
(Dex), a synthetic glucocorticoid, also results in a dramatic elimination of the DP thymocytes
[131,132]. Forty-eight hrs after Dex injection (60 ug/mouse), Tg-38 mice had more than 2-

fold reduction in total thymic cellularity and DP thymocyte numbers (Figure 4.5B-E). Taken
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together, these findings indicate that miR-181d over-expression selectively elevates the

stress-sensitivity of DP thymocytes.

T cell development and effector functions in miR-181d knockin mice are normal

Since miR-181c¢ and miR-181d are separated by only 85 nucleotides, we utilized a
knockin (KI) approach in which only the miR-181d sequence was modified (miR-181d KI)
(Figure 4.6). A total of 11 base-replacements (five in the 5’ seed region) were introduced into
the miR-181d sequence in order to disrupt the formation and processing of the pre-miR-181d
stem-loop structure (Figure 4.7A). The miR-181d KI mice had normal T cell development,
with similar percentages and numbers of thymocyte subsets (Figure 4.7B-F). Consistent with
their normal thymopoiesis, the number and percentage of peripheral lymphocytes in these
mice were similar to wild-type controls (Figure 4.7G-I). Of note, percentages of CD4" and
CDS8" T cells were significantly increased in the spleen of miR-181d KI mice (Figure 4.71).
While the transgenic expression of miR-181d augmented stress-induced thymic atrophy, its
selective elimination had no preventative effect on thymic involution following LPS or Dex
injections (Figure 4.8A-H). Moreover, there was a similar level of Annexin V induction in
the KI compared to normal mice in response to stress (Figure 4.8E). Finally, the percentage
and number of SP thymocytes appeared normal in the miR-181d KI mice following LPS and
Dex treatments (Figure 4.8C, G-H). These experiments suggest that the targeted elimination
of one miR-181 family member is insufficient to modulate the stress responsiveness of

developing thymocytes.
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Analysis of differential gene expression in miR-181d transgenic and miR-181d knockin

mice

While a number of mRNA targets of miR-181 have been reported, it is not known
whether miR-181d has overlapping and/or distinct targets. Therefore, gene expression
comparisons were done with the miR-181d transgenic line, Tg-8 and the miR-181d KI lines.
Of the 26,000 genes probed on the array, 78 were down- and 60 were up-regulated more than
1.5-fold in the thymus of miR-181d Tg-8 mice compared to the miR-181d KI (p < 0.05) (data
not shown). Ingenuity Pathway Analysis (IPA) was applied to the genes significantly
modulated more than 1.25-fold. The top 20 over-represented canonical pathways are listed
for both down- and up-regulated genes (Figure 4.9A-B). The most significant pathways
affiliated with down-regulated genes included PPAR (Peroxisome proliferator-activated
receptor) signaling, Cdc42 signaling, and PI3K/Akt signaling. IL-1 signaling, phospholipase
C signaling, and T cell signaling pathways matched the up-regulated genes in miR-181d Tg
thymus (Figure 4.9A-B). We also performed Gene Ontology Slim (GO Slim) analysis with
the Web-based Gene Set Analysis Toolkit (WebGestalt) to obtain a broad summary of the
dysregulated genes (miR-181d Tg versus miR-181d KI thymocytes) [138,139]. GO Slim
classification was provided with the number of genes for each biological process category
(Figure 4.9C). Most of the up- and down-regulated genes in miR-181d Tg thymocytes were
represented within the metabolic process category (Figure 4.9C). 211 down-regulated genes
were annotated in response to stimulus, whereas 104 were within the category of response to

stress with a p-value of 2.84 x 10™* (Figure 4.9C and data not shown). These data confirm
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the involvement of miR-181d-targeted genes in cell metabolism and stress responses,
consistent with the phenotypes revealed in the Tg mice.

We next performed Transcription Factor (TF) Target enrichment through the
WebGestalt, to identify the genes sharing similar TF target motifs among the dysregulated
genes in miR-181d Tg versus KI thymocytes (Table 4.1). A significant number of these
genes had predicted binding sites for Foxo4 and Myc, both of which are direct targets of the

PI3K/Akt signaling pathways [178,179,180].

Discussion

MiR-181d is one of the most down-regulated miRs detected in the thymus following
stress [132]. We used both transgenic and gene targeting approaches in mouse models to
determine the role of miR-181d in thymopoiesis under normal and stress conditions. While
over-expression of miR-181d resulted in a slight reduction in thymic cellularity under normal
conditions, the depletion of CD4 'CDS8" thymocytes following LPS or Dex injections was
significantly increased. Such experiments indicate that miR-181d potentiates programmed
cell death. This would suggest that the down-modulation of miR-181d occurring following
stress could protect thymocytes from cell death.

Most DP thymocytes undergo a process of death by neglect, partly through the
systemic and intrathymic production of glucocorticoids. Stress elevates these glucocorticoid
levels, enhancing the magnitude and kinetics of cell death. Within the first 12 hrs, stress
causes a global reduction in miRs by the degradation of Drosha, DGCRS&, and Dicer [131].

By 48-72 hrs, and once Dicer levels are restored, there is a differential regulation of mature



54
miRs, some up- and others down-regulated. Interestingly, while miR-181d was down-

modulated around 15-fold, the much more abundantly expressed miR-181a and miR-181b
family members were only minimally affected [132]. This indicates that the processing of the
miR-181c/d locus during stress is very distinct from the two miR-181a/b loci. In fact, the
processing is specific to miR-181d, as miR-181c is marginally affected even though it arises
from the same cistron and is only separated by 85 nucleotides.

Most studies to date have focused on miR-181a, the most abundant miR in
thymocytes [92]. It targets mRNAs encoding TCR signaling proteins, controlling repertoire
selection by establishing signaling thresholds [96,97]. A gene analysis of mice deficient in
miR-181a/b revealed a distinct set of miR-181 targets, with Pten, a regulator of PI3K/Akt
signaling, one of the principal targets [100]. In our study, PI3K/Akt and PPAR signaling
were the most significant pathways enriched among the miR-181d down-regulated genes.
Furthermore, many of the targeted genes had Foxo4 or Myc binding motifs, and these two
transcription factors are regulated by PI3K/Akt. Such results strongly suggest that miR-181d
targets genes responsible for cell metabolism and survival. Since stress and metabolic rates
are intricately linked, the altered expression of miR-181d would modulate energy and
nutrient demands within the cell.

MiR-181a is also implicated in regulating Notchl down-stream signaling [98,99].
Notchl is a critical regulator of T cell development [55]. In fact, Notchl signaling increases
the resistance of DP thymocytes to GC-induced cell death [54,56,181]. Elevations of miR-
181d would attenuate the Notchl signaling pathway, increasing the magnitude of DP cell

death in response to stress. MiR-181 family members also target Bcl2, with its reduction
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increasing the GC-sensitivity of DP thymocytes [36,93,177]. Therefore, it is likely that the

diverse miR-181d targets in TCR-, PI3K/Akt-, Notchl-, and anti-apoptotic-signaling
pathways combinatorially modulate the stress responses of thymocytes. CD69 is one of the
overlapping targes of miR-181a and miR-181d [93,132]. Transgenic expression of miR-181d
led to decreased levels of CD69 expression on SP thymocytes, reducing the ability of T cells
to leave the thymus. The additional effects on the SP thymocytes likely result from additional
known and unidentified miR-181d targets.

To specifically define the role of miR-181d in thymopoiesis, we developed a miR-
181d gene-targeted mouse in which the miR-181d seed sequence and hairpin loop were
changed. There was no effect of this knockout on either normal or stress-modulated
thymopoiesis. This finding is consistent with recent reports that miR-181c/d knockout mice
have normal T cell development [99,100]. This strongly indicates a functional
redundancy/compensatory mechanism exists among the miR-181 family members.
Consistent with this, a complete targeting of all miR-181 family members causes a presumed
embryonic lethality [99]. Besides miR-181d, we identified 17 additional stress-responsive
miRs in the thymus. All have known targets that could influence stress responses, including
the miR-17-92a family that targets pro-apoptotic genes [87,169]. MiR-185 is another stress-
responsive thymic miR that is haploinsufficient in 22q11.2 deletion syndrome patients and
down-regulated following LPS or Dex exposure [109,132]. The role of miR-185 during
thymopoiesis will be discussed in the next chapter.

Together with previous reports, this study further supports the involvement of miRs

in stress-induced thymic involution. In particular, elevated levels of miR-181d lead to
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increased loss of DP thymocytes upon stress. Nevertheless, this may be advantageous in

preventing toleragenic signalings in immature thymocytes to foreign antigens derived from
infectious agents. Overall, these findings potentiate the importance of miR-181d as
therapeutic agents for hematological malignancies exhibiting resistance to GC-induced

apoptosis.
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Figure 4.1. Generation of miR-181d transgenic mice. (A) Schematic shows the sequence
homology between mature miR-181 family members. 5’ end seed region is underlined. Base
differences are shaded with gray. (B) MiR-181d expression in various tissues examined by
Northern blotting. U6 probe was used as the endogenous control. (C) Cloning of the pri-miR-
181d into the VA-hCD2 transgenic cassette. Stem-loop structure of pre-miR-181d is shown,
in which mature miR-181d is highlighted in blue. (D) Relative miR-181d levels were
determined by real-time quantitative PCR. Littermate control values were set to 1. Graph
represents the mean fold changes +/- SEM normalized to the U6 levels from 3 independent
samples, performed in triplicates (n.s. = non-significant, *p < 0.05, **p < 0.01, ***p <0.001;
Two-tailed unpaired Student’s t-test).
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Figure 4.2. MiR-181d over-expression reduces the number of CD4'CD8" thymocytes.
(A) Total thymus cellularity in the control and miR-181d Tg mice. (B) Representative plots
show CD4 by CD8 profiles of thymocytes in the control and miR-181d Tg mice, analyzed by
FACS. (C) Average percentages of thymocyte subsets (DN, DP, CD4 SP, and CD8 SP) from
control and miR-181d Tg mice. (D) Absolute cell numbers of DP thymocytes. (E) Absolute
cell numbers of CD4 SP and CD8 SP thymocytes. (A-E) Data are from WT (n=18), Tg-8
(n=25), and Tg-38 (n=16) mice. (F) Histograms show CD5, CD69, and TCRf expression
gated on DP thymocytes. (G) Histograms show CD69 expression on CD4 SP and CD8 SP
thymocytes from the WT (white), Tg-8 (blue), and Tg-38 (red) mice. (H) Relative MFI
(Mean Fluorescence Intensity) levels of CD69 on SP thymocytes. (I) Ratio of the
CD69'TCRB™E" to CD69'TCRA™E" thymocyte numbers shown for CD4 SP and CD8 SP
thymocytes. (F-I) Data are of at least 3 mice per group. All bar graphs represent the mean +/-
SEM values (n.s. = non-significant, *p < 0.05, **p < 0.01, ***p < 0.001; One-way ANOVA
followed by Tukey’s post-hoc test).
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Figure 4.3. Characterization of peripheral lymphocytes in miR-181d transgenic mice.
(A-B) Total cellularity in the lymph nodes (A) and spleen (B) of the wild type and miR-181d
Tg mice. (C) Representative FACS plots of CD4" and CD8" T cells in the lymph nodes. (D-
E) Average percentages (D) and absolute numbers (E) of CD4" and CDS8" T cells in the
lymph nodes of WT (n=17), Tg-8 (n=23), and Tg-38 (n=14) mice. (F) Representative FACS
plots show CD4 by CDS profiles in the spleen. (G-H) Average percentages (G) and absolute
numbers (H) of CD4" and CD8" T cells in the spleen of WT (n=16), Tg-8 (n=16), and Tg-38
(n=11) mice. All bar graphs show the mean +/- SEM (n.s. = non-significant, *p < 0.05, **p <
0.01, ***p <0.001; One-way ANOVA followed by Tukey’s post-hoc test).
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Figure 4.4. Over-expression of miR-181d elevates stress-induced thymic atrophy. (A)
Total thymic cellularity in the control and miR-181d Tg mice at 72 hrs upon LPS injection
(100 ug/mouse) from at least 4 independent experiments using at least 3 mice per injection
(n.s. = non-significant, *p < 0.05, **p < 0.01, ***p < 0.001; One-way ANOVA followed by
Tukey’s post-hoc test). (B) Representative CD4 by CDS profiles of total thymocytes at 72 hrs
after PBS or LPS injections. (C) Average percentages of DP thymocytes, CD4 SP, and CD8
SP thymocytes post-injection (PBS, white; LPS, black) (n.s. = non-significant, *p < 0.05, **p
< 0.01, ***p < 0.001; Two-way ANOVA followed by Bonferroni’s post-hoc test). (D)
Absolute cellularity of thymocyte subsets (DP, CD4 SP, and CD8 SP) upon LPS injection
(n.s. = non-significant, *p < 0.05, **p < 0.01, ***p < 0.001; One-way ANOVA followed by
Tukey’s post-hoc test). (E-F) Data were calculated from the experiments shown in the panels
A and B. (E) Ratios of DP thymocyte numbers upon LPS treatment to the numbers of DP
thymocytes upon PBS treatment (n.s. = non-significant, *p < 0.05, **p <0.01, ***p <0.001;
One-way ANOVA followed by Tukey’s post-hoc test). (F) Average percentages of Annexin
V" cells gated on DP thymocytes following PBS or LPS injections. (n.s. = non-significant, *p
< 0.05, **p < 0.01, ***p < 0.001; Two-way ANOVA followed by Bonferroni’s post-hoc
test). All bars are of the mean +/- SEM.
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Figure 4.5. Thymic atrophy in miR-181d transgenic mice upon various stress stimuli.
(A) Representative FACS plots show CD4 by CDS8 profiles in the thymus of the control and
miR-181d Tg mice at 72 hrs upon LPS injection at varying concentrations (10, 30, and 100
ug/mouse). (B) Total thymic cellularity in the control and miR-181d Tg-38 mice at 48 hrs
upon Dex injection (60 ug/mouse). (C) CD4 by CDS8 profiles of thymocytes after 48 hrs
post-Dex injections. (D-E) Average percentages (D) and absolute numbers (E) of thymocyte
subsets following Dex treatment at 48 hrs. All the bar graphs show the mean +/- SEM from
at least 4 mice per treatment (n.s. = non-significant, *p < 0.05, **p < 0.01, ***p < 0.001;
Two-tailed unpaired Student’s z-test).
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Figure 4.6. Generation of miR-181d knockin mice. Schematic represents the miR-181d
knockin strategy. Details are described in the methods section.

62



63

>
vy}
(@)

Thymus Thymus
. SRR y y
P STty 250, ns. 100 ns,
& 200 > go HI
= o 25
PN . < 5.3kb > 150 S 15
g - < 3.9kb S 100 S 104 ns, S
= o
8 50 g 5 =
o 8 s 0 0 MKl
miR-181d WT 5 AACAUUCAUUGUUGUCGGUGGGU 3 & e DN DP CD4 CD8
miR-181d KI 5 AAGUGCUAAUGUUGUCCCUGCAG 3’
D F
DP Thymocytes é
(6]
~
; A ; ; &
x x x ©o
[ © [ [a)
= = > o
= b ol K 2
[s) [s) [s) ¥ 5
B3 / B3 S o
/ wWT S COWT
D i T R R P S R 0 5 0 MKl
CD5 —> CD69 —> TCRp—— CD4SP  CD8SP e CD4SP  CD8 SP
(&)
G B220*B cells H Lymph Nodes I Spleen
n.s.
60 — 40 15
—_ n.s. < = o
g =30 e e
o 40 2 <10 <
g 220 £ Z
c < ° o
g 20 g 40 35 E]
s CWT 5 3 3
o o
0 Kl 0 0
LN Spleen CD4 CD8

Figure 4.7. T cell development is normal in miR-181d knockin mice. (A) Confirmation of
miR-181d knockin by a representative southern blot. Comparison of the wild type and
mutated (miR-181d KI) sequences are provided. 5’ end seed region is underlined. Base
replacements are highlighted in red. (B) Total thymus cellularity in the control and miR-181d
KI mice. (C) Average percentages of thymocyte subsets (DN, DP, CD4 SP, and CD8 SP) are
shown for the WT (white) and miR-181d KI (black) mice. (B-C) Data are of the mean +/-
SEM from the WT (n=18) and miR-181d KI (n=17) mice (n.s. = non-significant; Two-tailed
unpaired Student’s ¢-test). (D) Histograms show CDS5, CD69, and TCRp expression gated on
DP thymocytes from the WT (white) and miR-181d KI (green) mice. (E) Relative MFI
(Mean Fluorescence Intensity) levels of CD69 on SP thymocytes. (F) Ratio of the
CD69'TCRB™E" to CD69TCRA™E" thymocyte numbers gated on CD4 SP and CD8 SP
thymocytes. (E-F) Data show the mean +/- SEM values from at least 3 mice per group (n.s. =
non-significant; Two-tailed unpaired Student’s #-test). (G) Average percentages of B220" B
cells in the lymph nodes and spleen. (H-I) Average percentages and absolute cell numbers of
CD4" T and CD8" T cells in the lymph nodes (H) and spleen (I). (G-I) Bar graphs show the
mean +/- SEM from the WT (n= >16) and miR-181d KI (n= >13) mice (n.s. = non-
significant, *p < 0.05; Two-tailed unpaired Student’s ¢-test).
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Figure 4.8. Stress-induced thymic atrophy in miR-181d knockin mice. (A) Total thymus
cellularity in the control and miR-181d KI mice at 72 hrs post-LPS (100 ug/mouse) injection
(n.s. = non-significant; Two-tailed unpaired Student’s #-test). (B) Average percentages of DP
thymocytes at 72 hrs after PBS or LPS treatment (n.s. = non-significant; Two-way ANOVA
followed by Bonferroni’s post-hoc test). (C) Absolute cell numbers of thymocyte subsets at
72 hrs post-LPS injection (n.s. = non-significant; Two-tailed unpaired Student’s z-test). (A-
C) Data are of the mean +/- SEM from at least 4 independent experiments using at least 3
mice per treatment. (D-E) Data were calculated from the experiments shown in the panels A
and B. Each bar shows the mean +/- SEM. (D) Ratios of DP thymocyte numbers upon LPS
treatment to the numbers of DP thymocytes upon PBS treatment (n.s. = non-significant;
Two-tailed unpaired Student’s ¢-test). (E) Average percentages of Annexin V' cells gated on
DP thymocytes (n.s. = non-significant; Two-way ANOVA followed by Bonferroni’s post-
hoc test). (F) Total thymic cellularity in the control and miR-181d KI mice at 48 hrs upon
Dex injections (60 ug/mouse). (G-H) Average percentages (G) and absolute numbers (H) of
thymocyte subsets following Dex treatment at 48 hrs. (G-H) Bar graphs show the mean +/-
SEM from at least 4 mice per treatment (n.s. = non-significant; Two-tailed unpaired
Student’s t-test).
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4

Figure 4.9. Canonical pathway and Gene Ontology analyses of differentially regulated
genes in miR-181d transgenic and miR-181d knockin thymocytes. (A-B) Top 20 over-
represented canonical pathways are shown based on their statistical significance for down-
regulated (A) and up-regulated (B) genes with more than 1.25-fold (p < 0.05) in miR-181d
Tg thymocytes compared to the miR-181d KI. Pathway enrichment analysis was performed
using the IPA software. (C) Biological process categories over-represented within the
dysregulated genes are shown. White and black bars are of down- and up-regulated genes in
the miR-181d Tg thymocytes, respectively. Gene ontology Slim (GO Slim) analysis was
performed using the Web-based Gene Set Analysis Toolkit.
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Table 4.1. The top 10 transcription factors with predicted target motifs among
differentially regulated genes in miR-181d transgenic and miR-181d knockin
thymocytes. This enrichment analysis was performed using at least 5 genes for each category
with hyper-geometric statistical test and Benjamini & Hochberg multiple test adjustment.
Top 10 transcription factors with binding motifs are listed based on their significance level

(adjusted p-value).

Down-regulated genes in miR-181d Tg thymocytes

Transcription factors

Number of genes

Enrichment ratio

Adjusted p-value

SP1 (GGGCGGR) 109 4.50 533 x 107
LEF1 (CTTTGT) 82 5.05 1.74 x 107"
MAZ (GGGAGGRR) 87 4.62 6.78 x 107!
E12 (CAGGTG) 89 4.34 8.98 x 107
FOXO04 (TTGTTT) 77 4.58 459 x 1077
ELK1 (SCGGAAGY) 51 5.32 1.69 x 10°
NFAT (TGGAAA) 64 4.16 2.69x 107
MYC (CACGTG) 44 5.18 2.87x 10"
LEF1 (CTTTGA) 47 4.74 521x 107"
AP4 (CAGCTG) 51 4.11 6.13 x10"°
Up-regulated genes in miR-181d Tg thymocytes

Transcription factors

Number of genes

Enrichment ratio

Adjusted p-value

GABP (MGGAAGTG) 21 6.16 1.20x 10"
ELK1 (SCGGAAGY) 26 4.92 1.20x 10"
FOX04 (TTGTTT) 32 3.45 2.18x 107
ETS 12 10.56 2.18x 107
FREAC2 (RTAAACA) 21 4.97 2.18x 107
ETS2 (RYTTCCTG) 22 4.50 4.68x 107
AP4 (CAGCTG) 25 3.65 1.96 x 10°
NFY (GATTGGY) 21 4.01 472x10°
MYC (CACGTG) 19 4.05 1.52x 107
NFAT (TGGAAA) 26 3.06 2.00x 107




CHAPTER FIVE

TRANSGENIC EXPRESSION OF MICRORNA-185 CAUSES A DEVELOPMENTAL

ARREST OF T CELLS BY TARGETING MULTIPLE GENES INCLUDING MZB1

The work presented in this chapter was originally published as: Belkaya, S., S. E. Murray, J.
L. Eitson, M. T. de la Morena, J. Forman, and N. S. van Oers. 2013. Transgenic expression
of microRNA-185 causes a developmental arrest of T cells by targeting multiple genes

including Mzbl. J. Biol. Chem. doi: 10.1074/jbc.M113.503532

Introduction

MicroRNAs (miRs) are small non-coding RNAs (20 to 24 nucleotides in length) that
regulate gene expression at the post-transcriptional level by base pairing with target mRNAs,
causing mRNA degradation and/or translational inhibition [77,78]. Functional roles of the
miRs in the immune system are being partly elucidated with loss- and gain-of-function
approaches. For example, conditional knockout lines of Dicer, an RNase IIl enzyme critical
for miR biogenesis, in thymic epithelial cells, causes a premature thymic involution and an
ensuing T cell lymphopenia, in part via the diminished expression of miR-29 [58]. The
elimination of Dicer at the DN3 stage (CD4 CD8CD44 CD25") of thymopoiesis reduces
thymic cellularity [80]. For pro-B cells, this knockout impairs their transition to pre-B cells,
while its loss in mature CD19" B cells causes B cell autoantibody production [81,117]. In the

latter case, the formation of autoreactive B cells was linked to the loss of miR-185 and the
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up-regulation of its target, Bruton’s tyrosine kinase (Btk) [117]. Gain-of-function approaches

have uncovered roles for miR-146 and miR-155 in regulating IL-2 production in T cell and
increasing NK cell numbers and cytokine production, respectively [164,182].

MiR-185 is a stress responsive miR expressed in the thymus [132]. It is encoded on
human chromosome 22ql1.2, and 1is haploinsufficient in patients with 22ql1.2
deletion/DiGeorge syndrome [109]. Such patients present with varying clinical
complications, including a T cell lymphopenia linked to a thymic hypoplasia,
hypoparathyroidism, cardiac anomalies, and/or learning disabilities [110]. The patients also
have an increased frequency of autoimmune disorders and age-dependent alterations in T
helper cell (Thl and Th2) commitment [113,114]. One third of 22q11.2 deletion syndrome
patients will develop schizophrenia as adults [112]. Individuals with a duplication of
chromosome 22q11.2 (Trisomy 22q11.2) can have similar clinical presentations as those with
the deletions, suggesting that both reductions and elevations in miR-185 are clinically
relevant [183,184]. Mouse models of this syndrome have shown that the haploinsufficiency
of miR-185 elevates the expression of one of its neuronal targets, SERCA2
(Sarcoplasmic/endoplasmic reticulum calcium ATPase 2) [115]. High levels of SERCA2
enhance pre-synaptic neurotransmitter release in hippocampal neurons [115]. This
contributes to an age-dependent cognitive impairment. A second target increased in neurons
is 2310044H10Rik; a Golgi associated inhibitor [116]. While many miR-185 targets have
been identified, it remains unknown whether altered miR-185 levels can affect T cell

development and functions.
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We developed a series of transgenic mice with increasing levels of miR-185
expressed in thymocytes and peripheral T cells. A miR-185 dose-dependent developmental
block occurred at both the pre-TCR checkpoint and the positive selection stage. This
attenuated both pre-TCR and positive selection, with an ensuing peripheral T cell
lymphopenia. Several novel targets of miR-185 were identified, including Marginal zone B
and Bl cell-specific protein (Mzbl), Nuclear factor of activated T cells, cytoplasmic,
calcineurin-dependent 3 (NFATc3), and Calcium/calmodulin-dependent protein kinase IV
(Camk4). MiR-185 transgenic thymocytes had higher levels of calcium influx upon TCR
stimulation. A knockdown of miR-185 resulted in reduced TCR-driven calcium responses,
with corresponding increases in Mzbl. The protein levels of Mzbl were also elevated in
thymocytes from the majority of the 22q11.2 deletion syndrome samples. Taken together,
these findings indicate that alterations in the expression of miR-185 can affect T cell
development and activation by controlling the expression of several novel mRNA targets

including Mzbl.

Results
Elevations in miR-185 attenuate T cell development

MiR-185 is highly conserved and expressed in most tissues including the thymus,
brain, heart, kidney, liver, lung, skin, and spleen (Figure 5.1A-B). It is expressed in immature
thymocytes, mature CD4'CD8" and CD4'CD8" T cells, and in B cells [91,92,117,132]. To
determine whether miR-185 levels impact T cell functions, we utilized a gain-of-function

transgenic approach in which the murine pri-miR-185 was over-expressed in thymocytes and
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peripheral T cells [134] (Figure 5.1C). Three transgenic lines, designated as miR-185 Tg-25,

miR-185 Tg-35, and miR-185 Tg-6, were selected from 40 transgenic founders based on
their increasing levels of miR-185 expression and dramatic effects on thymocyte
development. MiR-185 was over-expressed 130-, 175-, and 250-fold in Tg-25, Tg-35, and
Tg-6 lines, respectively, when compared to non-transgenic littermates (Figure 5.1D-E).
Overall thymic cellularity was slightly reduced in Tg-25 and Tg-35 lines, whereas a severe
thymic hypoplasia was noted in the Tg-6 line (Figure 5.2A). Further analyses revealed that
over-expression of miR-185 caused a statistically significant dose-dependent decrease in the
percent and number of CD4 ' CD8" and CD4 CD8" SP cells compared to control WT mice
(Figure 5.2B-E). However, similar numbers of DP thymocytes observed in the wild type and
two of the miR-185 lines (Tg-25 and Tg-35) suggested a developmental impairment at the
DP stage (Figure 5.2F). The highest over-expressing line, miR-185 Tg-6, had statistically
significant reductions in the DP and SP subsets, reflected as a dramatic loss in overall thymic
cellularity (Figure 5.2B-G). Elevated DN percentages in the Tg-6 line further indicated a
developmental block by miR-185 at early stages of thymopoiesis (Figure 5.2G). In addition,
the Tg-6 line had no defined cortical region, an absent cortico-medullary junction, and a
pronounced stromal component in the medulla. Hassall’s corpuscles and dendritic cells were

evident, and on increased magnification, mitotic activity was observed (Figure 5.3A-B).

Thymopoiesis in miR-185 transgenic lines is affected at two development checkpoints
The attenuated T cell development in the miR-185 transgenic mice appeared to be

during pre-TCR and TCR selection stages. To assess whether there was a defect at the pre-
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TCR checkpoint, CD4 CD8 (DN) thymocytes were profiled for CD44 and CD25 cell surface

expression, which marks 4 DN subsets, including those thymocytes at pre-TCR selection
stage (DN3). Increasing miR-185 levels matched the severity of the block at the DN3 (CD44
CD25") stage, with the percentage of DN3 cells increasing from 25% in controls to 40%,
51%, and 73% in the miR-185 Tg-25, Tg-35, and Tg-6 lines, respectively (Figure 5.4A). This
was statistically significant for all the Tg lines compared to the wild type controls, and
between Tg-6 versus Tg-35 and Tg-25 (Figure 5.4B). No change in intracellular TCRP
expression was detected in the DN3 subsets (Figure 5.4C). To induce TCR signals, the mice
were injected intraperitoneally with anti-CD3e. This induces a differentiation of DN3
thymocytes to the DP stage in Ragl-deficient mice, which is coupled with an increased
thymic cellularity (Figure 5.4D-E). The DN3 thymocytes in the miR-185 Tg-6 mice were
unable to progress to the DP stage following anti-CD3e injection, indicating a complete
block at the DN3 stage (Figure 5.4D-E). Surface expression levels of CD5 on DN3
thymocytes were normal in Tg-25 and Tg-35 lines, but slightly elevated in the Tg-6 line, an
indication of normal pre-TCR engagement and signal strength (Figure 5.4F-G). With regards
to other cell populations in the thymus, percent and number of NK T cells were similar in the
miR-185 Tg lines, except for the Tg-6 line that had very low NK T cell numbers (Figure
5.5A-B). yd T cell numbers in all Tg lines were similar to the control, while their percentages
were slightly increased (Figure 5.5A, C).

The reduced SP thymocytes in all the miR-185 Tg lines suggested an impairment of

high

positive selection. Consistent with this, the percentages of CD69 TCRB™®" total thymocytes,

including CD69 TCRB"E" CD4 and CD8 SP thymocytes, were reduced in a statistically
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significant manner (Figure 5.6A-C). The reduction in positive selection was consistent with

high ¢otal

an increased percentage of DP thymocytes that were gated on CD69TCRf
thymocytes (Figure 5.6D). Differences between the closely matched Tg-25 and Tg-35 lines
were also of statistical significance once the reductions in CD4"'CD8” and CD4 CD8" subsets
were compared (Figure 5.6D-E). Negligible numbers of mature CD69'TCRBhigh SP
thymocytes were found in the miR-185 Tg-6 line (Figure 5.6D-E). Moreover, CD5
expression on CD69 TCRB™E" DP thymocytes was lower in miR-185 Tg lines, supporting
impaired positive selection (Figure 5.6F-G). Attenuated positive selection was further
established by comparing the number of OTII-specific TCR transgenic T cells developing in
the miR-185 Tg-35 lines. Their numbers were significantly reduced in the OTII/miR-185 Tg-
35 double Tg lines compared to the OTII Tg parental line (Figure 5.7A-B), and those residual
SP cells lost the expression of the transgenic TCRa subunit (Figure 5.7C-D). Severe loss of
CD4 SP thymocytes in the OTII/miR-185 Tg-35 line could reflect enhanced negative
selection. However, the total number of thymocytes was equivalent in both the OTII and
OTII/miR-185 Tg-35 lines (Figure 5.7E). Furthermore, in vitro treatment of thymocytes from
the OTII/miR-185 Tg-35 line with an OV A-class II peptide induced DP cell death, indicating
that negative selection was intact and similar (Figure 5.7F). The ability to induce negative
selection in the miR-185 Tg lines was also consistent with the significant loss of DP
thymocytes in all the miR-185 Tg-25 lines following anti-CD3¢ injections in vivo (Figure
5.7G). In addition, the impairment at DN3 and DP stages of thymopoiesis in miR-185 Tg

mice was not due to increased cell death since Annexin V' percentages were normal in these
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lines (Figure 5.7H). Taken together, these findings demonstrate that increases in miR-185

reduce the effectiveness of TCRf and positive selection.

MiR-185 transgenic lines have a peripheral T cell lymphopenia

A miR-185 dose-dependent reduction in the percent and number of mature peripheral
CD4'CD8 and CD4CD8" T cells occurred in all three miR-185 Tg lines and was most
pronounced in the Tg-6 (Figure 5.8A-F). The number of natural T regulatory (Foxp3" CD25"
CD4") cells was also reduced gradually in the spleen of all miR-185 Tg lines (Figure 5.8G-
H). As a consequence of the T cell lymphopenia, the percentages of peripheral B220" B cells
increased in all miR-185 Tg lines (Figure 5.81). Peripheral T cells from all the miR-185 Tg
lines displayed spontaneous hyper-activated phenotype with increased CD25, CD44
expression, and decreased CD62L expression (Figure 5.9A-B). Consistent with this activated
phenotype, total CD4" T cells had a statistically significant increase in IL-2 production that
occurred in a miR-185-dose dependent manner (Figure 5.9C). Total CD4" T cells from the
miR-185 Tg-6 line were unable to proliferate, while CD4" T cells from the miR-185 Tg-25
and Tg-35 lines had a slightly diminished proliferative response, evident only after 48 hrs but
not 72 hrs of stimulation, likely due to decreased percentages of naive T cells in miR-185 Tg
mice (Figure 5.10A). In vitro TCR-stimulation with anti-CD3¢/CD28 led to an increase in
apoptosis of total CD4" T cells, the severity of which matched increasing miR-185 levels
(Figure 5.10B). However, naive CD4 CD62L"" T cells from the miR-185 Tg-35 and Tg-25

lines did not exhibit significant changes in proliferation (Figure 5.10C). Finally, a significant



74

reduction was also noted both in numbers and TCR-density of mature peripheral CD4 CD§"

T cells from the OTII/miR-185 Tg-35 mice (Figure 5.11A-F).

MiR-185 targets a number of genes implicated in thymopoiesis

The effects of miR-185 over-expression on T cell development suggested that genes
coupled to pre-TCR- and TCR-driven selection were targeted by this miR. Gene expression
comparisons were performed on sorted DN3 thymocytes from wild type mice and pooled
miR-185 Tg-6 mice. Of the 26,000 genes probed, 234 were down- and 317 were up-regulated
more than 1.5-fold in the DN3 thymocytes of miR-185 Tg-6 mice compared to normal
controls (p < 0.05) (data not shown). A miR target prediction database (miRWalk) parsed the
down-regulated genes to those containing putative miR-185 binding sites on their 3’
untranslated regions (3’ UTRs) and/or coding sequences (CDS) [185]. The top 25 candidates
are listed (Table 5.1), and those with implicated roles in thymopoiesis were analyzed further.
Quantitative RT-PCR with gene specific probes for Mzbl (also known as 2010001M0O9Rik,
PACAP, or pERpl), NFATc3, and Camk4 revealed a direct, and statistically significant,
miR-185 dose-dependent decrease in the expression of each target (Figure 5.12A). Protein
expression comparisons confirmed a substantial loss of Mzbl and NFATc3 in sorted DN3
cells (Figure 5.12B). Patients with the 22q11.2 deletion are haploinsufficient in miR-185
[109]. To determine if the levels of Mzbl were altered in their thymocytes, immunoblotting
was performed using protein extracts prepared from 5 independently prepared normal
controls and 4 individuals with confirmed deletions on 22q11.2. Mzb1 was up-regulated >2-

fold in 3 of the 4 patient samples (Figure 5.12C).
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Prediction software suggests there are 2 miR-185 target sites in Mzbl mRNA, one
actually in the coding sequence (Figure 5.13A). To confirm if the CDS was targeted, a myc
epitope-tagged Mzbl1 expression vector was transfected along with an empty control plasmid
or a plasmid expressing miR-185. MiR-185 reduced Mzbl levels compared to the vector
control in a statistically significant manner (Figure 5.13B-C). Mutating the target sequence in
Mzbl prevented its down-regulation (Figure 5.13B-C). To confirm targeting of the 3’UTR of
Mzbl, luciferase reporter assays were performed. Relative to the control, the luciferase
activity of Mzb1-3’UTR was decreased more than 2-fold (Figure 5.13D). Mutations of the
target sequence within the Mzb1 3° UTR restored control luciferase levels (Figure 5.13D). A
number of additional targets identified in the microarray (Mcm10, Camk4, Hmgal, NFATc3,
Igflr, and Dusp4) were validated as novel miR-185 targets in luciferase reporter assays, with

the Btk 3’ UTR included as a positive control (Figure 5.13E).

MiR-185 levels affect TCR-driven intracellular calcium responses

MiR-185 targets Mzb1, an endoplasmic reticulum (ER) associated protein involved in
calcium regulation. In marginal zone B cells, knockdown of Mzb1 augments intracellular
calcium (Ca’") levels following BCR stimulation, whereas over-expression of Mzbl in T
cells decreases TCR-mediated Ca®" influx [186]. We examined the changes in TCR-driven
intracellular Ca®" responses of DP thymocytes from the miR-185 Tg lines. DP thymocytes
from normal mice increased intracellular Ca*" responses 30-40 seconds after TCR/CD4
cross-linking (Figure 5.14A). The magnitude of the TCR-induced Ca*" response was

significantly higher in the Tg-25 and Tg-35 lines (Figure 5.14A-B). The addition of the
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calcium ionophore, ionomycin, revealed an identical capacity of all groups of thymocytes to
internalize Ca®’, indicating that the differences in the cells were TCR signaling dependent.
The thymocytes were also treated with thapsigargin, an inhibitor of the SERCA that pumps
Ca”" into the ER. Thymocytes with varying levels of miR-185 exhibited similar Ca*"
responses following thapsigargin addition (data not shown). In a complementary loss-of-
function approach, chemically modified miR inhibitors (antagomirs) were used to reduce
miR-185 activity in Jurkat T cells. Inhibiting miR-185 increased Mzb1 protein expression in
a dose-dependent and statistically significant manner, compared to the control inhibitor (cel-
miR-67) (Figure 5.14C-D). The knockdown of miR-185, which resulted in higher Mzbl
levels, reduced TCR-mediated intracellular calcium levels in Jurkat T cells (Figure 5.14E-F).
In summary, miR-185 directly affects TCR-triggered calcium responses in developing

thymocytes and Jurkat T cells.

Discussion

Gain- and loss- of-function approaches were used to characterize the function role of
miR-185 in T cells. A transgene driven over-expression of miR-185 caused a developmental
impairment at two crucial stages of thymopoiesis: pre-TCR- and TCR-selection. The block
was specific to afp T cells, as the numbers of y8 T cells were similar. The consequence of the
attenuation of aff T cells was a severe peripheral T cell lymphopenia, with the cells
phenotypically similar to those developing in lymphopenic mice.

The most down-regulated target, Mzb1, was first identified as a novel gene induced

during B to plasma cell differentiation, regulating proper assembly and secretion of mature
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IgM [187,188]. It 1s highly expressed in marginal zone B cells and regulates intracellular

Ca®" flux upon BCR stimulation [186]. These findings indicate that Mzbl is also highly
expressed in DN3 thymocytes, and is present in Jurkat T cells, consistent with prior Northern
blotting results [187,188,189]. MiR-185 targets two highly conserved sites in Mzbl. This
likely contributes to the developmental block in thymopoiesis, resulting from pre-TCR- and
aff TCR-driven intracellular calcium responses that are too high to support positive selection.
The dramatic attenuation of T cell development is further compounded by reductions in
NFATc3 and Camk4. Of note, the targeted elimination of NFATc3 causes a very similar
development block at the pre-TCR selection stage and during positive selection. In fact, a
peripheral T cell lymphopenia is also seen in these knockout mice [190,191].

Our data raise important questions as to whether miR-185 affects T and B cell
functions in humans. Patients with 22q11.2 deletion syndrome, haploinsufficient for miR-
185, have an increased prevalence of autoimmune disorders and B cell defects [109].
Reductions in miR-185 might affect the expression of both Btk and Mzbl in B cells,
enhancing autoantibody production [117,186]. These patients have abnormal T helper cell
skewing [192]. Further experiments are needed to elucidate the contribution of miR-185 in
both thymocytes and thymic epithelial/mesenchymal cells. Mouse models of 22ql1.2
deletion syndrome confirm a reduction of miR-185, with an age-dependent reduction in other
miRs [115]. Such mice have neurological abnormalities resulting from enhanced calcium
regulated neurotransmitter release, which is linked to elevations in a distinct miR-185 target,
the calcium regulator, SERCA2 [115]. Since SERCA2 is expressed at very low levels in

thymocytes, we hypothesize that the principal targets of miR-185 in thymocytes are distinct
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and depend on target mRNA abundance [193]. In fact, Mcm10, Hmgal, Igflr, and Dusp4

were additional targets in the developing thymocytes. MiR-185 also targets Six1, RhoA, and
Cdc42 genes involved in controlling cell cycle progression in various cancer cell lines
[194,195,196]. Interestingly, while these were not identified in our thymocyte screen, they
may play a role in the peripheral T cells [193]. It will be important to assess the
consequences of both the haploinsufficiency and trisomy of miR-185 on the novel targets
reported herein as NFATc3 and Camk4 are expressed in many tissues and organs affected by

the deletions on chromosome 22q11.2.
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Chr 16: 18,300,920-18,344,020 [ - ]
Mouse Gene: D16H22S680E

Mouse  AAGGACCAGAGGAAAGCCAGCCCCT - GGGAGGGGACCATCAGGAACTGCCTTTCTCTCCAATCCCT
Rat AAGGACCAGAGGAAAGCCAGCCCCT - GGGAGGGGACCATCAGGAACTGCCTTTCTCTCCAATCCCT
Human AAGGACCAGAGGAAAGCCAGCCCCTGGGGAGGGGACCATCAGGAACTGCCTTTCTCTCCAATCCCT
Dog AAGGACCAGAGGAAAGCCAGCCCCTGGGGAGGGGACCATCAGGAACTGCCTTTCTCTCCAATCCCT
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Figure 5.1. Generation of miR-185 transgenic mice. (A) MiR-185 is encoded on mouse
chromosome 16, within the first intron of the gene, D16H22S680E. The mature miR-185
sequence is highlighted in red. The homology between the human, mouse, rat and dog are
shown. The stem loop structure of pre-miR-185 is provided. (B) MiR-185 expression in
various tissues assessed by Northern blotting. U6 probe was used as the endogenous control.
(C) VA-hCD2 transgenic cassette. Pri-miR-185 was cloned under control the human CD2
promoter, which enables mature miR-185 (highlighted in red) expression in T cells. (D) A
representative northern blot demonstrating the expression levels of miR-185 in the thymus of
the control and transgenic lines. (E) Relative over-expression levels of miR-185 in different
transgenic lines determined by Northern blotting. The wild type control was set as 1. Bars
show the mean fold changes +/- SEM normalized to the U6 levels from 2 independent
experiments.
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Figure 5.2. Elevations in miR-185 impair T cell development. (A) Total thymus cellularity
in the control and miR-185 Tg mice. (B) Total thymocytes from the control and miR-185 Tg
mice were stained for CD4 and CD8, and analyzed by FACS. (C) Average percentages of
DN, DP, CD4 SP, and CD8 SP thymocytes in the control (white), miR-185 Tg-25 (light
gray), and Tg-35 (dark gray) mice. (D-F) Bar graphs show absolute cell numbers of the
CD4'CDS8 thymocytes (D), CD4 CD8" thymocytes (E), and CD4 CD8" thymocytes (F) in
the control and miR-185 Tg mice. Data are of the mean +/- SEM from WT (n=50), Tg-25
(n=20), Tg-35 (n=40), and Tg-6 (n=70) mice (n.s. = non-significant, *p < 0.05, **p < 0.01,
*#%p <0.001; One-way ANOVA followed by Tukey’s post-hoc test). (G) Thymic cellularity
and percentages of DN, DP, CD4 SP, and CD8 SP thymocytes in miR-185 Tg-6 mice (n=70).
Each shape (black circle, red square, and blue triangle) represents an individual Tg-6 mouse.
Colored shapes were used to track the cellularity and corresponding subset percentages of the
Tg-6 mice. MiR-185 Tg-6 mice that had the highest DN percentages (blue triangles) had also
the lowest percentages of DP and SP thymocytes, resulting in the lowest thymus cellularity.
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Figure 5.3. MiR-185 transgenic mice with thymic hypoplasia. (A-B) H&E staining of
thymic tissues from the control and miR-185 Tg-6 mice with 10X (A) and 40X (B) original
magnification.
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Figure 5.4. Increasing levels of miR-185 attenuate T cell development at TCR-§
selection checkpoint. (A) Surface expression of CD25 and CD44 gated on CD4'CD8 (B220
, NK1.1°, TCRyd", CD11b", and CD11c") thymocytes of the control and miR-185 Tg mice.
(B) Average percentages and absolute cell numbers of DN3 (CD25°CD44) thymocytes are
shown as the mean +/- SEM using at least 6 mice per group (n.s. = non-significant, *p < 0.05,
*tp < 0.01, ***p < 0.001; One-way ANOVA followed by Tukey’s post-hoc test). (C)
Histograms show expression levels of intracellular TCR (icTCRf) in DN3 thymocytes.
The average percentages were shown for the miR-185 Tg and control mice (n=2 mice per
group). (D) Total thymocytes from PBS or anti-CD3¢ treated Ragl”™ and miR-185 Tg-6 mice
were stained for CD4 and CDS8, and analyzed by FACS at 5 days post-IP (intraperitoneal)
injection. (E) Total thymus cellularity of anti-CD3e and PBS injected Ragl” and miR-185
Tg-6 mice (n=3 mice per group; n.s. = non-significant, *p < 0.05, **p < 0.01, ***p < 0.001;
Two-way ANOVA followed by Bonferroni’s post-hoc test). (F) Representative histogram
shows surface expression levels of CDS5 in DN3 thymocytes. Dashed line indicates the mean
fluorescence of CD5 expression in the control mouse. (G) Relative MFI (Mean Fluorescence
Intensity) levels of CDS5 in DN3 thymocytes from the control and miR-185 Tg-mice. Each
bar is the mean +/- SEM of 2 independent experiments (n.s. = non-significant, *p < 0.05, **p
<0.01, ***p <0.001; One-way ANOVA, followed by Tukey’s post-hoc test).
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Figure 5.5. NK T and yd T cells in miR-185 transgenic thymus. (A) Representative FACS
profiles of NK T (Peptide-loaded CD1d tetramer') and yd T cells gating on CD4 CD8 B220
CDI11b’ CDl1c population in the thymus of control and miR-185 Tg mice. Peptide-unloaded
CD1d tetramer was used as an isotype control in the wild type thymocytes. (B-C) Bar graphs
represent the mean +/- SEM cell numbers of NK T cells (B) and y8 T cells (C) in the thymus
of the control and miR-185 Tg mice using at least 3 mice per group (n.s. = non-significant,
*p <0.05, **p <0.01, ***p <0.001; One-way ANOVA, followed by Tukey’s post-hoc test).
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Figure 5.6. Transgenic expression of miR-185 attenuates T cell development at TCR-
positive selection checkpoint. (A) Flow cytometric analysis of CD69 and TCRf} expression
on total thymocytes from the control and miR-185 Tg mice. (B) Average percentages of
CD69 TCRB"E" total thymocytes. (C) Average percentages of CD69 TCRB"E" CD4 SP (left)
and CD69+TCR[3high CD8 SP (right) thymocytes. (D) Plots represent CD4 by CDS profiles of
CD69 TCRB"E" thymocytes. (E) Cellularity ratios of the CD69 TCRB " CD4 SP (left) and
the CD69 TCRB"E" CD8 SP (right) to the CD69 TCRBE" DP thymocytes were established
for the results shown in (D). (F) Histogram shows CD5 expression on CD69'TCRBhigh DP
thymocytes from the WT (white), Tg-25 (light gray), Tg-35 (dark gray), and Tg-6 (black)
mice. (G) Relative MFI levels of CD5 in CD69'TCRBhigh DP thymocytes. (A-G) Data are of
3 independent experiments. Each bar shows the mean +/- SEM (n.s. = non-significant, *p <
0.05, **p <0.01, ***p <0.001; One-way ANOVA, followed by Tukey’s post-hoc test).
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Figure 5.7. Impaired positive selection in OTII/miR-185 transgenic mice. (A) FACS
analysis of CD4 and CD8 expression on total thymocytes from OTII Tg and OTII/miR-185
Tg-35 mice. (B) Average percentages of DP and CD4 SP thymocytes are shown. (C) Surface
expression of TCR Va2 gated on CD4'CDS™ thymocytes from OTII Tg (dark gray) and
OTII/miR-185 Tg-35 mice (black line). (D) Relative MFI (Mean Fluorescence Intensity)
levels of TCR Va2 on CD4'CDS8™ thymocytes. (A-D) Data are of at least 6 mice per group.
Bar graphs represent the mean +/- SEM values (*p < 0.05, **p < 0.01, ***p < 0.001; Two-
tailed unpaired Student’s t-test). (E) Total thymus cellularity of OTII Tg and OTII/miR-185
Tg mice was represented as the mean +/- SEM of at least 6 mice per group (n.s. = non-
significant, Two-tailed unpaired Student’s #-test). (F) Percentage of live (Annexin V- 7AAD")
DP thymocytes upon in vitro treatment of OTII Tg and OTII/miR-185 Tg thymocytes with
SIINFEKL peptide as a negative control and OVA class II peptide. Each bar is the mean +/-
SEM of 3 mice per group (n.s. = non-significant, *p < 0.05, **p < 0.01, ***p <0.001; Two-
way ANOVA followed by Bonferroni’s post-hoc test). (G) Thymocytes from PBS or
anti-CD3e (200 mg/ml) treated the control and miR-185 Tg-25 mice were stained for CD4
and CDS8, and analyzed by FACS, after 3 days post-IP injection. Data are representative of 3
mice per group. (H) Graph shows the mean +/- SEM percentages of Annexin V' DN3 and of
DP thymocytes from Control (white), Tg-25 (light Gray), Tg-35 (dark Gray), and Tg-6
(black) mice (n=3 mice per group) (n.s. = non-significant, *p < 0.05, **p < 0.01, ***p <
0.001; One-way ANOVA, followed by Tukey’s post-hoc test).
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Figure 5.8. Elevated levels of miR-185 cause a peripheral T cell lymphopenia. (A) Total
cellularity of the lymph nodes in the wild type (WT) and miR-185 Tg mice. (B-C) Average
percentages (B) and absolute numbers (C) of CD4" and CD8" T cells in the lymph nodes. (A-
C) Data are of the mean +/- SEM from WT (n=40), Tg-25 (n=16), Tg-35 (n=46), and Tg-6
(n=59) mice (*p < 0.05, **p < 0.01, ***p < 0.001; One-way ANOVA followed by Tukey’s
post-hoc test). (D) Total cellularity of the spleen in the WT and miR-185 Tg mice. (E-F)
Average percentages (E) and absolute numbers (F) of CD4" and CD8" T cells in the spleen.
(D-F) Data are of the mean +/- SEM from WT (n=24), Tg-25 (n=12), Tg-35 (n=30), and Tg-
6 (n=36) mice (n.s. = non-significant, *p < 0.05, **p < 0.01, ***p < 0.001; One-way
ANOVA, followed by Tukey’s post-hoc test). (G) Representative FACS plots show
percentages of natural regulatory T cells (Foxp3™ CD25" CD4") in the spleen of the WT and
miR-185 Tg mice. (H) Absolute numbers of natural regulatory T (nT.,) cells in the spleen.
Data are of the mean +/- SEM from at least 3 mice per group (n.s. = non-significant, *p <
0.05, **p < 0.01, ***p < 0.001; One-way ANOVA followed by Tukey’s post-hoc test). (I)
Graph shows the mean +/- SEM percentages of B220" B cells in the lymph nodes and spleen
of the WT and miR-185 Tg mice using at least 10 mice per group (n.s. = non-significant, *p
<0.05, **p <0.01, ***p <0.001; One-way ANOVA, followed by Tukey’s post-hoc test).
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Figure 5.9. MiR-185 transgenic peripheral T cells exhibit a hyper-activated phenotype.
(A) Surface expression of CD25, CD44, and CD62L on gated CD4" T lymphocytes in the
lymph nodes of WT (white), Tg-25 (light gray), Tg-35 (dark gray), and Tg-6 (black) mice.
(B) Graph shows the relative MFI levels +/- SEM of CD25, CD44, and CD62L markers on
CD4" T cells in the lymph nodes of WT (white), Tg-25 (light gray), Tg-35 (dark gray), and
Tg-6 (black) mice using at least 5 mice per group (n.s. = non-significant, *p < 0.05, **p <
0.01, ***p < 0.001; One-way ANOVA, followed by Tukey’s post-hoc test). (C) Graph
represents relative IL-2 secretion from anti-CD3e/CD28 stimulated total CD4" T cells in
miR-185 Tg lines and the control (WT), set to 1. Each bar is the mean +/- SEM of at least 5
independent experiments (n.s. = non-significant, *p < 0.05, **p < 0.01, ***p < 0.001; Two-
tailed unpaired Student’s #-test).
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Figure 5.10. Peripheral T cells from miR-185 transgenic mice display normal
proliferative responses. (A) Histograms show proliferation of bulk lymphocytes gated on
total CD4" T cells from the control and miR-185 Tg mice, labeled with CFSE (1 mM), and
stimulated with anti-CD3e/CD28 (3 mg/ml) for 48 and 72 hrs (h). Dashed line indicates the
gate. Average percentages +/- SD were provided (Gray, unstimulated; Purple, Wild type;
Blue, Tg-25; Red, Tg-35; Green, Tg-6). (B) Average +/- SEM percentages of Annexin V'
total CD4" peripheral T cells isolated from miR-185 Tg mice versus the control upon TCR-
stimulation with anti-CD3¢e/CD28 (3 mg/ml) for 48 hrs (h) in vitro (n.s. = non-significant, *p
< 0.05, **p < 0.01, ***p < 0.001; Two-tailed unpaired Student’s ¢-test). (C) Histograms
show proliferation of naive CD4 CD62L"¢" T cells from the control (WT) and miR-185 Tg
mice, as measured with CFSE (300 nM) staining followed by stimulations with
anti-CD3¢e/CD28 for 48 and 72 hrs at indicated concentrations: White, unstimulated; Blue,
0.3 mg/ml; Red, 1 mg/ml; Green, 3 mg/ml. Dashed line indicates the gate. Average
percentages +/- SD were provided. Insufficient numbers of naive T cells from the miR-185
Tg-6 line precluded an assessment of their proliferative capacity. (A-C) Data are of 2
independent experiments, performed in duplicate for each group.
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Figure 5.11. Reduced number of peripheral T cells in OTII/miR-185 transgenic mice.
(A) Lymphocytes from the lymph nodes of OTII Tg and OTII/miR-185 Tg mice were stained
for CD4 and CDS, and analyzed by FACS. (B) Average percentages of CD4 CDS8 T cells in
the lymph nodes. (C) Surface expression of TCR Va2 gated on CD4'CD8™ T cells from the
lymph nodes of OTII Tg (dark gray) and OTII/miR-185 Tg mice (black line). (D) Relative
MFI levels of TCR Va2 on CD4 CDS8” lymphocytes. (A-D) Data are of at least 6 mice per
group. Bar graphs represent the mean +/- SEM values (*p < 0.05, **p < 0.01, ***p < 0.001;
Two-tailed unpaired Student’s z-test). (E) Splenocytes from OTII Tg and OTII/miR-185 Tg
mice were stained for CD4 and CDS8, and analyzed by FACS. (F) Histogram shows surface
expression of TCR Va2 on splenic CD4" CDS8" T cells of OTII Tg (dark gray) and OTII/miR-
185 Tg-35 mice (black line). Data are representative of at least 2 mice per group.
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Table 5.1. The top 25 down-regulated genes with predicted miR-185 binding sites on
their 3’ UTR and/or coding sequences in miR-185 transgenic DN3 thymocytes.

Gene Symbol Fold Description

Mzbl -4.84 Marginal zone B and B1-cell specific protein

Hk2 -4.19 Hexokinase 11

Hoxa7 -3.81 Homeo box A7

Tpstl -3.79 Protein-tyrosine sulfotransferase 1

Mcm10 -3.26 Minichromosome maintenance deficient 10

Camk4 -3.24 Calcium/calmodulin-dependent protein kinase IV

Stab1 -3.20 Stabilin 1

E130012A19Rik -3.10 RIKEN ¢cDNA E130012A19 gene

2310044H10Rik -3.06 RIKEN c¢DNA 2310044H10 gene, MIRTA22

Abcf2 -2.94 ATP-binding cassette, sub-family F (GCN20), member 2
Gjal -2.75 Gap junction membrane channel protein alpha 1

Gga2 -2.73 Golgi associated, gamma adaptin ear containing, ARF binding protein 2
Nsf -2.59 N-ethylmaleimide sensitive fusion protein

Ccdc53 -2.52 Coiled-coil domain containing 53

Mnsl -2.41 Meiosis-specific nuclear structural protein 1

Ncl -2.40 Nucleolin

Hmgal -2.38 High mobility group AT-hook 1

Shmtl -2.36 Serine hydroxymethyltransferase 1

Mcm5 -2.26 Minichromosome maintenance deficient 5

Igf2bp3 -2.22 Insulin-like growth factor 2 mRNA binding protein 3
Nfatc3 -2.21 Nuclear factor of activated T cells, cytoplasmic, calcineurin dependent 3
Rrm1 -2.19 Ribonucleotide reductase M1

Suzl2 -2.18 Suppressor of zeste 12 homolog (Drosophila)

Igflr -2.14 Insulin-like growth factor I receptor

Rcll -2.13 RNA terminal phosphate cyclase-like 1
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Figure 5.12. MiR-18S targets a number of genes in developing thymocytes. (A) Relative
mRNA levels of Mzbl, NFATc3, and Camk4 in DN3 thymocytes, normalized to the
endogenous Gapdh levels, were determined by real-time quantitative PCR. WT values were
set to 1. Data shown are of the mean +/- SEM of at least 3 independent experiments
performed in triplicates. Bars are representative of WT (white), Tg-25 (light gray), Tg-35
(dark gray), and Tg-6 (black) mice. (n.s. = non-significant, *p < 0.05, **p < 0.01, ***p <
0.001; versus the threshold set as 1; One sample Student’s #-test) (B) Immunoblot analysis of
Mzbl and NFATc3 expression in miR-185 Tg-6 DN3 thymocytes compared to the wild type
control. B-actin was used as the endogenous control. (C) Mzbl protein expression levels in
human thymocytes obtained from 5 normal individuals (Normal C1-C5) and 4 patients with
22q11.2 deletion syndrome (22q11.2 P1-P4). B-actin was used as the endogenous control.
The relative amounts of Mzbl protein were determined by normalizing to the p-actin,
indicated with numbers for each lane. Band intensities of Mzb1 and B-actin were measured
using the ImagelJ software. The Mzbl/B-actin ratio was calculated by dividing the band
intensity of Mzbl to that of the - actin for each sample. Relative Mzbl levels were then
determined for each experiment indicated as a group. This was done by normalizing the
Mzbl1/B-actin ratio for each sample relative to the first control sample. The first control
sample was set as 1 in each 3 independent experiments.
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Figure 5.13. MiR-185 directly targets Mzbl mRNA. (A) The Mzb1 CDS and 3’ UTR each
contain one putative miR-185 binding site. Diagram shows conserved miR-185 base pairing
with human and murine Mzbl mRNA. Mutated Mzbl sequences were underlined. (B)
Expression levels of Myc tag in HEK293T cells transfected with the plasmid containing
either wild type Mzb1- or mutant Mzb1-Myc fusion, along with the empty vector (white) or
pCDNA3.1/miR-185 (black). A GFP-expressing plasmid was used as the transfection
control. (C) Relative expression levels of Mzb1-Myc were calculated by normalizing to GFP
levels for each lane. Each bar represents the mean +/- SEM of 4 independent experiments
performed in at least duplicates (n.s. = non-significant, *p < 0.05, **p < 0.01, ***p < 0.001;
Two-tailed unpaired Student’s #-test). (D-E) Relative luciferase activity normalized to beta-
galactosidase of COS-1 cells transfected with the luciferase plasmids containing the indicated
3> UTRs (Mzbl, Mutant Mzbl1, Btk, Mcm10, Camk4, Hmgal, NFATc3, Igflr, and Dusp4),
along with either the empty vector (white) or pCDNA3.1-miR-185 (black). Btk 3° UTR, a
previously validated target of miR-185, was used as a positive control in (E). Data shown are
the mean +/- SEM of 4 independent experiments, each performed in triplicate or
quadruplicates (n.s. = non-significant, *p < 0.05, **p < 0.01, ***p < 0.001; Two-tailed
unpaired Student’s z-test).
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Figure 5.14. MiR-185 affects TCR-stimulated intracellular calcium responses. (A)
Intracellular calcium flux was analyzed by flow cytometry in DP thymocytes from the WT
(black line), Tg-25 (blue line), and Tg-35 (red line) mice. DP thymocytes were gated by size.
Black arrows indicate the time points for each treatment. Fluo-3 AM loaded thymocytes were
treated with biotinylated anti-CD3¢ and anti-CD4, followed by Streptavidin (SA), lonomycin
(Tono.), and MnCl,. (B) Relative changes in TCR-triggered peak Ca’"-influx over
background. Data are of the mean +/- SEM of 6 independent experiments (*p < 0.05, **p <
0.01, ***p < 0.001; Two-tailed unpaired Student’s z-test). (C) Representative immunoblot
shows Mzb1 expression in Jurkat T cells transfected with miR-185 inhibitor (a-miR-185),
compared to the control (miR negative control inhibitor). $-actin was used as the endogenous
control. (D) The relative amounts of Mzb1 protein were determined by normalizing to the 3-
actin. Data are of the mean +/- SEM of 5 independent experiments, performed in at least
duplicates (*p < 0.05, **p < 0.01, ***p < 0.001; Two-tailed unpaired Student’s ¢-test). (E)
Intracellular calcium responses were analyzed by flow cytometry over time in Jurkat T cells
following transfection with a-miR-185 (red line) and the control inhibitor (black line). Fluo-3
AM loaded Jurkat T cells were treated with the mAb C305.2 (anti-TCRf), Ionomycin
(Iono.), and MnCl,. Black arrows indicate the time points for each treatment. (F) Relative
changes in TCR-triggered peak Ca*"-influx over background. Data are of the mean +/- SEM
of 4 independent experiments (n.s. = non-significant, *p < 0.05, **p < 0.01, ***p < 0.001;
Two-tailed unpaired Student’s z-test).



CHAPTER SIX

DISCUSSION

Stress-responsive microRNAs in the thymus

Thymus is the most stress-sensitive lymphoid tissue, undergoing a rapid involution
defined by severe reductions in size, cellularity, and functionality. Given that thymus has a
vital role in maintaining an effective immune system, why this organ is extremely vulnerable
to various physiological and pathological stresses has been a subject to debate for a long time
[197,198,199]. One of the reasons may be that the body aims to offset economical usage of
energy under stress conditions by suspending thymopoiesis, a high-energy demanding
process [59,199]. It is also thought that attenuation of thymic output could prevent rise of
regulatory T cells during microbial infections or effector T cells against fetus in the case of
pregnancy [172,197,198]. Nevertheless, our current knowledge of mechanisms behind the
stress-induced thymic atrophy is still limited, and this necessitates a better understanding due
to high incidence of morbidity and often mortality in elderly with stress-weakened immune
system.

Systemic glucocorticoids (GCs) are the main contributors to the massive loss of DP
thymocytes upon stress stimuli. Several studies have investigated GC-mediated cell death,
but mostly by in vitro assays, thus lacking an in vivo relevance [36,176]. MiRs are crucial
players in mediating various cellular processes in response to GCs [176]. An initial study

utilizing in vitro cultured primary rat thymocytes demonstrated that mature miRs are down-

94
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regulated within hours of GC exposure, primarily due to reductions in Dicer [131]. Indeed,
miRs could exhibit dynamic in vivo expression changes during thymic atrophy and recovery
phases. Accordingly, we performed the first miR profiling of murine thymus tissues at later
time points, during which the most dramatic changes in cellularity are evident following LPS
and/or Dex injections. MiR profiling revealed 7 up- and 11 down-regulated thymic miRs in
response to stress. Several down-regulated miRs (miR-181a, miR-15a, and miR-26b) had
increased levels of expression at earlier time points upon stress-induction, suggesting that
their dysregulation might be independent of the severity of thymic atrophy. In addition, these
miRs, such as miR-17-92 family, exhibited differential stress-induced changes in their
expression at distinct stages of thymopoiesis. This could help to explain why each thymocyte
subset has a different degree of sensitivity to stress-induced GCs. Moreover, majority of
thymic miRs had an altered expression profile in other tissues following stress. This suggests
a general stress-mediated mechanism responsible for the regulation of these miRs in the
body. Strikingly, miR-150, miR-181d, miR-128, and miR-205 were only stress-responsive in
the thymus. Further characterization of these 4 miRs will be interesting to reveal whether
they contribute to the extreme stress-sensitivity of thymus.

Most stress-responsive miRs in the thymus have previously been implicated in
regulating apoptosis and cell survival. In particular, miR-17-92 family members are known to
target pro-apoptotic genes, such as Bim, in immature thymocytes [87,131]. Reduced miR-17-
92 expression could partly contribute to the increased cell death in DP thymocytes upon GC
exposure. Nevertheless, changes in a single miR or its target might not be sufficient to

uncover stress-induced thymic atrophy. First of all, miR functions are not only dependent on
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cellular concentrations of miRs, but also dependent on the abundance of target mRNAs,
which can also be substantially affected by stress conditions [168,175]. Thus, stress-
responsive thymic miRs likely have novel and/or additional gene targets in thymocytes apart
from their validated targets in other cell types. Thymic miRs that remained unchanged upon
stress could also play roles in the regulation of thymic involution due to stress-induced
alterations in their mRNA targets. Second, stress can lead to derepression of target mRNAs
by altering the activity of miR-RISC complex. This is achieved through occupation of miR
target sites by other RNA-binding proteins under stress conditions [168]. Finally, multiple
miRs can have common gene targets and/or diverse gene targets in the same signaling
pathway. This might indicate combinatorial effects of stress-responsive miRs during thymic
atrophy.

To my knowledge, the work herein represented the first time identification of
differentially regulated miRs in murine thymus upon LPS and/or Dex injections. Further
characterization of individual miRs with transgenic and gene-targeting approaches will
improve our current understanding of molecular mechanisms involved in stress-induced
thymic atrophy. MiRs are emerging as promising therapeutic agents and/or targets for the
treatment of several human diseases. Thus, discovery of stress-responsive thymic miRs has a
tremendous clinical value with the potential to intervene in immune regulation and tolerance

under normal and pathological conditions.

Elevated stress sensitivity in miR-181d transgenic thymocytes
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MiR-181 family members exhibit dynamic expression patterns during thymopoiesis
under normal and stress conditions. In particular, miR-181d undergoes a 15-fold down-
regulation in response to stress-induction, whereas miR-181a and miR-181b are reduced
around 2- and 6-fold, respectively. Of note, miR-181c remains at negligible levels in the
thymus. Together, these data indicate that distinct transcriptional and post-transcriptional
mechanisms are involved in differential regulation of miR-181 family members. One
mechanism could be through stress-mediated changes in stability of these miRs, resulting in
variable abundance of each miR during thymic atrophy. Further studies deciphering the
molecular basis of differential expression of miR-181 family members will be beneficial to
better understand their roles in thymopoiesis.

Previous reports demonstrated that miR-181 family members could have both shared
and distinct gene targets [94,95,132,177]. Normal thymopoiesis noted both in miR-181a/b
and miR-181c/d knockout mice demonstrated an evidence of functional redundancy between
these miRs [99,100]. On the other hand, miR-181a/b deficiency blocked NK T cell
development in mice, while loss of miR-181c¢/d had no apparent effects on these cells [100].
This further indicated that relative abundance of miR-181 family members defines their
compensatory or unique functions in a particular cell type. Hence, miR-181d, the most
dramatically altered stress-responsive miR, might have a distinct role during thymic
involution.

In order to study the impact of miR-181d on thymopoiesis under normal and stress
conditions, we utilized both gain- and loss-of-function approaches. T cell-specific transgenic

expression of miR-181d impaired thymopoiesis with a significant decrease in DP
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thymocytes. This reduction became more drastic upon LPS and/or Dex injections. However,
mutating miR-181d sequence did not have any apparent effect on T cell development,
consistent with the recent reports on miR-181c/d knockout mice. This is again indicative of
overlapping functions between miR-181 family members, with sharing the same seed
sequence. Moreover, bioinformatic analysis of differentially regulated genes among miR-
181d transgenic and knockin thymocytes revealed that miR-181d regulates similar biological
pathways and processes previously implicated for the other family members. These pathways
include TCR signaling, PI3K/Akt signaling, and apoptotic pathways. Characterization of
these key pathways will improve understanding of miR-modulated intrathymic mechanisms
in the context of thymic atrophy.

MiR-181 family members are known to regulate cell survival by targeting anti-
apoptotic genes, such as Bcl2 and Mcll [177]. Transgenic expression of miR-181d might
further decrease expression of these genes, rendering DP thymocytes extremely sensitive to
GC-induced apoptosis. In addition, GCs are also thought to reduce TCR signaling capacity,
leading to death by neglect in DP thymocytes [35]. Thus, altered TCR signaling strength by
elevated levels of miR-181d could account for reduced number of DP thymocytes in miR-
181d transgenic mice under normal and stress conditions. Accordingly, down-regulation of
miR-181 family members upon stress might be beneficial for recovering from thymic
atrophy.

PI3K- and PPAR-signaling pathways are significantly enriched within dysregulated
genes in the miR-181d transgenic thymocytes, suggesting an impact of miR-181d on cellular

metabolic processes. Stress can lead to a metabolic reprogramming in immature thymocytes
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by reducing miR-181d levels. This could explain massive loss of DP thymocytes during
thymic atrophy via shutting down the high-energy consumption processes, such as T cell
repertoire selection.

Together with the identification of stress-responsive miRs in the thymus, my work
further demonstrates the involvement of miRs in modulating thymic atrophy. In particular,
transgenic expression of miR-181d augments stress-sensitivity of DP thymocytes, whereas
targeting the miR-181d exclusively does not suffice to rescue thymocyte depletion following
stress. At first glance, this suggests cooperative functions of miR-181 family members, but
other stress-responsive miRs could also influence thymic atrophy in a combinatorial manner.
Overall, these findings will support miR-based therapeutic interventions in GC-resistant

hematological malignancies.

Transgenic expression of miR-185 attenuates T cell development

MiR-185, another stress responsive thymic miR, is located within the human 22q11.2
gene locus. This region undergoes a hemizygous deletion in patients with the 22ql11.2
deletion/DiGeorge syndrome; a primary immunodeficiency disease associated with thymus
and parathyroid gland abnormalities, heart defects, psychiatric disorders, and/or mild facial
dysmorphology [110]. These variable clinical presentations in the patients are partly
explained by the extent of monoallelic deletion on chromosome 22 at position 22q11.2 [110].
Although this critical region has been mapped, the genetic elements whose deficiency causes

poor thymocyte development remain unknown.
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We utilized a gain-of-function approach to determine the impact of miR-185 on T cell
development. This caused a partial block at the DN3 stage of thymopoiesis. In addition,
elevated miR-185 levels attenuated positive selection of DP thymocytes, which in turn
resulted in a peripheral T cell lymphopenia with remaining cells exhibiting a hyper-activated
phenotype. These developmental impairments likely result from the combinatorial effects of
at least 3 miR-185 targets (Mzbl, NFATc3, and Camk4). Numerous additional putative
targets of miR-185 were uncovered. Many are involved in regulating cell growth and
differentiation, and the combined reduction of these genes might contribute to the attenuated
thymopoiesis identified in miR-185 transgenic mice [200,201,202,203,204].

In the case of stress-induced thymic atrophy, miR-185 undergoes a dramatic
reduction in DP thymocytes. Such down-regulation of miR-185 might be necessary for the
survival of DP thymocytes, since its over-expression attenuates proper selection and further
differentiation of these cells.

It is known that patients with 22ql1.2 deletion syndrome have an increased
prevalence of autoimmune disorders and B cell defects attributed to the T cell lymphopenia.
Since miR-185 is expressed at 42% normal levels in the patients [109], slightly elevated
levels of multiple gene targets of miR-185 would be anticipated. MiR-185 is downregulated
in marginal zone B cells, consistent with the higher levels of Btk and Mzbl1 in those cells. A
further reduction in miR-185 could increase Btk and Mzbl1 levels, effectively increasing the
development of self-reactive B cells and fast autoantibody secretion, respectively [117,186].
These changes could account for the augmented autoantibody production noted in some of

the 22q11.2 deletion syndrome patients with a miR-185 haploinsufficiency. A subset of
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these patients have low T cell numbers and impaired T cell functions, all of which emanate

from the thymic hypoplasia [113,114]. Increased Mzbl1 levels in thymocytes and peripheral
CD4" T cells in such patients could reduce cell expansion and altered T helper cell
commitment, as previously reported [186].

Mouse models of 22qll1.2 deletion syndrome confirm that miR-185 is
haploinsufficient [115,116]. These mice have neurological abnormalities resulting from
enhanced calcium regulated neurotransmitter release, which is linked to elevations in a
distinct miR-185 target, the calcium regulator, SERCA2 [115]. Since SERCA2 is expressed
at very low levels in thymocytes, it may not be the principal target of miR-185 in immature
thymocytes. Another miR-185 target identified in our screen is 2310044H10Rik, a Golgi-
associated neuronal inhibitor. Derepression of this gene due to reduced miR-185 levels in
mouse models of 22q11.2 deletion syndrome leads to structural alterations in hippocampal
neurons [116]. These are of relevance to human 22q11.2 deletion syndrome patients, as many
of these patients have neurological complications, such as schizophrenia in adults.

Overall, these findings implicate miR-185 as an important regulator of T cell
development through its targeting of genes with validated roles in the immune system.
Although miR-185 is not expected to uncover the basis of all 22q11.2/DiGeorge syndrome
complications, further characterization of other miR-185 targets will be valuable in
identifying the contribution of its haploinsufficiency to various clinical phenotypes noted in

this syndrome.

Additional comments
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Besides the identification of stress-responsive miRs in murine thymus, it is of
significance to uncover differentially regulated mRNAs in distinct stages of thymopoiesis
following PBS and LPS or Dex injections. This will help to determine genetic targets of
stress-responsive miRs and elucidate miR-mediated molecular mechanisms in the context of
stress-induced thymic atrophy.

The use of murine models to study human diseases, particularly inflammatory
diseases, has been a matter of debate. A recent study has shown that genomic responses in
humans upon acute inflammatory stress stimuli exhibited a weak correlation with the
corresponding mouse models [205]. Thus, characterization of stress-responsive RNA species
in human thymocytes and thymic epithelial cells will have an enormous clinical potential to
treat individuals undergoing thymic involution.

It 1s still poorly understood whether each member of a miR family sharing the same
seed sequence has common and/or unique functions. This is evident with miR-181ab and
miR-181cd knockout mice, both exhibiting normal thymopoiesis. However, complete
knockout of all miR-181 family members results in embryonic lethality. Indeed, T cell-
specific elimination of all miR-181 family members will reveal the necessity of these miRs
during T cell development and functions. Molecular targets of a single miR in T cells can
display variability depending on the relative abundance of the miR and its target mRNAs
during distinct stages of development. Thus, miR-181d transgenic and knockin mice might
exhibit altered peripheral T cell differentiation and responses. For example, miR-181d is
highly expressed in induced regulatory T cells. Identification of the role of miR-181d in these

cells will provide new insights into the regulation of immune tolerance.
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Given the validated targets of miR-185 in the neurons and lymphocytes with

relevance to human 22q11.2 deletion/DiGeorge syndrome, functional characterization of this
miR in other cell types, such as cardiac, epithelial, and innate immune cells, is appealing.
Utilizing a miR-185 knockout mouse model will be of great use for this purpose, and will

reveal its role in complex biological systems.
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