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ABSTRACT

During studies on gene expression in the kidney, we observed that murine
kidney expresses a truncated form of TCR a mRNA. This transcript was not
associated with the presence of complete TCR « mRNA or detectable TCR g or
§ transcripts, indicating that the truncated TCR a mRNA could not be attributed to
blood contamination of the kidney RNA preparation. The truncated TCR «
message contained the Ca region, as indicated by hybridization with an intra-Ca
oligoprobe, by ampiification of the Ca region with the polymerase chain reaction
(PCR) from total kidney mRNA, by sequencing of, and hybridization with, the
amplified products, and by RNase protection assay with a TCR « C region probe.
The transcript was expressed in interstitial cells, predominantly located in the
medulla. The truncated TCR a mRNA was detected in a rena! cell fraction
containing large cells in which no expression of CD3, Thy-1, or NK-1.1 was
detected, implying that these cells are not mature T cells, do not express a
functional TCR, and are not NK cells. The cells expressing the truncated TCR «a
mMRNA were radiosensitive, bone marrow dependent, and were not
thymus-dependent. The transcript was not detected in bone marrow. Expression
of the truncated TCR a mMRNA was not dependent on an intact recombinase
activity.

The truncated TCR @ mRNA is normally processed as it is correctly spliced
at the Ca region, with conservation of the transmembrane domain, is
polyadenylated, and can be detected in the cytoplasm. Immunoprecipitation

studies are consistent with the hypothesis that the truncated TCR a mRNA is



translated into a ~30 kd protein.

in vivo administration of cycloheximide is associated with slight decrease of
the truncated TCR o« mRNA, and with the appearance of a larger band (1.7 kb)
reacting with a TCR a cDNA probe. The size of this band is compatible with the
size of the complete message for TCR «. No evidence of renal T cell infiltration was
obtained after cycloheximide administration.

These results show that murine kidney contains a population of
radiosensitive, bone rnarrow-derived, and thymus-independent large interstitial
cells which express @ truncated TCR a n N4, These cells may have attempted
TCR a gene rearrangement, suggesting it they inay be related to the lymphoid
lineage. In these cells, the truncated TCR « mRNA may play a role in controlling

gene rearrangement thro iugh the transmembrane expression of a truncated TCR

a protein.
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CHAPTER ONE:

CONTROL OF T CELL RECEPTOR GENE EXPRESSION



INTRODUCTION

Antigen (Ag) recognition by lymphocytes is the triggering event of the
adaptive immune response. This event should be extremely specific in order to
assure the proper function of the immune system in self-non-self discrimination. B
and T lymphocytes have developed different structures to recognize Ag (reviewed
in (1-8)). B cells iecognize Ag in its soluble, non-processed form. Therefore, the
B cell receptor for Ag, a membrane bound immunoglobulin (Ig) associated to
several other molecules, is conformation-specific. In contrast, T cells can only
recognize antigenic peptides derived from processing of the original Ag, and only
when they are presented in the context of self-major histocompatibility complex
(MHC) molecules. MHC restriction of the T cell repertoire is a unique feature of Ag
recognition by T cells and defines two major populations of these cells: CD4* T
cells, which recognize Ag in the context of class Il MHC molecules, and CD8* T
ceils that recognize Ag when presented in the context of class | MHC molecules.
Despite this major functional difference in the Ag recognition process, the
structures involved on B cells and T cells are remarkably similar, as indicated by
the analogies in the organization and regulation of the genes coding for these
complexes, the use of similar structural patterns by the molecules forming these
receptors, and the structure-function correlation in the receptor complexes (3, 9).

While the chemical structure of the Ig was known since the early 60s, the
nature of the T cell receptor for Ag (TCR) was only established in the early 80s.

The delay in the characterization of the TCR was due, in part, to the false
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assumption that T cells were using the antibody (Ab) gene pool to encode their Ag
recognition structure (10). It was necessary to wait for the development of
clonotypic monoclonal Ab (mAb) against T cells (11-13) and, particularly, for the
development and application of subtractive hybridization (14, 15) to finally
characterize the TCR at the protein and gene levels.

The discovery of the TCR genes and polypeptides is one of the hallmarks
of the recent history of imimunology because it has allowed for the experimental
approach to muitiple areas of interest in the field, ranging from the study of T cell

ontogeny (16, 17) to the understanding of the development of tolerance (18).

STRUCTURE OF THE TCR COMPLEX

The TCR is a transmembrane, 80-S0 kd disulfide-linked heterodimer formed
by either the ag chains or the y§ chains (reviewed in (1, 2, 19). The a chain of the
TCR is an acidic glycoprotein of a maximum relative mass of 28 kd in mouse and
32 kd in man, in its deglycosylated form, and of 45 to 60 kd, in mouse and man,
after addition of several N-linked oligosaccharides of the complex type. The TCR
B chain is more basic than the « chain and has a relative mass, in deglycosylated
form, of 32 kd in mouse and human, and of 40-55kd in glycosylated form. The
TCR g chain contains both complex N-linked oligosaccharides and high mannose
glycans. The y chain is a 45-60 kd chain (30 kd in deglycosylated form). The §
chain is 40-60 kd (31 kd or 37 kd, in deglycosylated form, in mouse and in man

respectively). Both y and 6§ chains undergo N-linked glycosylation.
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The polypeptides of the TCR heterodimer have an Ig-like arrangement with

an external variable (V) region, of 1 118 aminoacids (aa), linked to a 87-113
aa constant (C) region by a diversity (D) region (in the case of g and § chains)
and a joining (J) region. The C region is connected to a 20-24 aa, hydrophaobic
transmembrane region, and a short (5 to 12 residues) cytoplasmic region (3). The
four chains may contain, at least, two internal disulfide bonds, one in the V region
and another one in the C region, which are compatible with a conformation in an
ig-like domain. In addition, the disulfide bond between the two chains forming the
TCR is established between the proximal part of the C recions of the TCR
polypeptides. The transmebrane region of the four chains has a net positive charge
which may play a role in the interaction of the TCR heterodimers with CD3
molecules (252, 253).

By analogy to the Ig structure, it is assumed that the V region of the TCR
polypeptides contains at least three hypervariable regions, also known as
complementarity-determining regions (CDRs) (3). From a functional point of view,
the V domains contain two hypervariable regions equivalent to the Ig CDRs, CDR1
and CDR2, and a third small loop called, sometimes, CDR4. The V-J junction in the
TCR « and TCR v, or the V-D-J junction in the TCR g and TCR § form the CDR3
(3, 20). The currently most accepted model of MHC-restricted Ag recognition by
the TCR assumes that the CDR3 contacts the Ag peptide directly, and it is in this
region where the peptide specificity of the TCR is determined (3, 21, 254, 255).

Confirmation of this model is awaiting co-crystallization of a TCR molecule



engaging an MHC-peptide molecule.

The chains forming the characteristic TCR heterodimer (g or yé) have a
preferential association with each other over other possible combinations (22).
However, in addition to the two main TCR heterodimers (a8 and y§), three
alternative types of TCR have been reported. First, two different forms of
non-disulfide-linked y§ heterodimers have been reported in human PBL (23-25).
In contrast to the disulfide-linked form which uses a Cy region encoded by the
Cy1 gene, these heterodimers use the Cy region encoded by the Cy2 (see below)
(26). Seconu, a disulfide-linked yy TCR has been shown in some human T cell
clones (27, 28). This homodimer seems to be fully active as indicated by the ability
of monoclonal antibody (mAb) anti-CD3 to stimulate interleukin-2 (IL-2) production
by these clones. Third, a 8§ TCR has been described in certain T cell leukaemia
cell lines but it does not seem to be significant in the composition of the repertoire
of nor—al T lymphocytes (29).

On the cell surface, the TCR is expressed in non-covalent association with
at least five different species of CD3 molecules: the glycoproteins CD3y and CD36,
a non-glycosylated CD3e molecule, and either the CD3{ homodimer or the
CD3nCD3{ heterodimer (2, 17). The long cytoplasmic domains of the CD3
molecules in comparison to the short corresponding domains of the TCR chains
suggest that the CD3 molecules are involved in signal transduction after
TCR-mediated T celi activation.

The co-expression of CD3 seems to be required for expression of a
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functional TCR heterodimer on mature T cells (2). However, in immature

thymocytes, the TCR g8 chain can be expressed on the cell surface, in association
with unknown molecules, but without concomitant expression of TCR « chain or
CD3 chains (30, 31).

In mammals, most peripheral blood lymphocytes (PBL) express of TCR,
and only 5 to 10% express the y§ TCR (19). However, resident lymphocytes in
specific locations, particularly in epithelia, may predominantly express a specific
type of TCR (32). For example, in mouse, Thy-1* dendritic epidermal cells express
predominaritly y§ TCR (33-35), and in the gut, the proportion of yé-bearing T cells
is higher than in the blood (38).

The tertiary structure of the TCR heterodimers is not known. This is due to
the lack of suitable TCR crystals for X-ray crystallography analysis. This problem
may be solved in the near future if the attempts to get enough soluble TCR
heterodimers through phosphotidy! inositol - glycan anchors are successiul (37).
However, a theoretical model of peptide recognition by the TCR has been
proposed (3). Using a method analogous to the genetic technique of second-site
suppression, contact points between the TCR molecule and the antigenic peptide
have been mapped by correlating single aa changes in the peptide with the
resulting changes in the TCR molecule. The results of these experiments are
consistent with the model predicting a critical role of the CDR3 of the TCR in
peptide recognition while more 'external’ parts of the TCR molecule would

recognize residues on the MHC molecule (21).
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The fine stoichiometric structure of the TCR-CD3 complex also remains to
be determined. However, recent data suggests that the TCR-CD3 complex
contains two functicnal transducing units formed by the y&§ € and the { molecules
(38) and that the CD3 € and CD3 { molecules are essential for the expression of

TCR complexes, while the remaining CD3 chains may piay a secondary role (39).

MOLECULAR GENETICS OF THE TCR GENES

The TCR genes are located in 3 different loci: the «/é locus, the g8 locus,
and the TCR v locus. In the mouse, the TCR a/6 locus is located on chrormosome
14, the TCR g locus is on chromosome 86, and the y locus is on chromosome 13.
In man, the TCR «/6 locus is on chromosome 14, and the TCR g and y loci are
both on chromosome 7 (40, 41).

The TCR genes have a genomic organization typical of other members of
the Ig-gene superfamily that undergo rearrangement, with multiple V genes, D
genes for the TCR g and TCR ¢ loci, and J genes, and one or more C genes (3)
(Figure 1).

The TCR «/é locus is the largest of the TCR loci and extends over a
distance of 1000 kb (3, 42, 43). The TCR § genes are located inside the TCR a
locus, in between the Va and the Ja genes (42-44). The TCR g locus spreads over
700 to 800 kb in most mouse strains (40). However, in some inbred strains of
mice, the TCR B locus is shorter as a result of deletion of a considerable number

of VB genes (45).
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Figure 1.- Genomic organization of the murine TCR genes. The numbers in
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represented by vertical bars and black boxes. The graphic is not drawn to scale. :
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The V genes are composed of 2 exons: the first exon is a short one that
codes for most of the leader sequence. The second exon codes for the rest of the
leader sequence and the V region of the TCR polyseptide (40). Some Vg leader
sequences, e.g. Vg5, are able to undergo variable splicing with a transcript
containing a downstream Vg exon, e.g. VA8 (46). Transcripts containing VB8 with
its own leader segment or with the VA5 leader segrment are fully functional. This
phenomenon has not been reported for other TCR genes or for Ig genes.

For all the TCR loci, the V genes have been grouped in subfamilies under
the criterion of nucleotide sequence homology greater than 75% (4). Different
numbers of members can be in each subfamily. However, only all the subfamilies
of the Va family have multiple members, while most of the subfamilies for the Vg,
Vy, and Vé families have only one member. Estimates of the number of Va genes
range between 50 and 100 genes grouped in 13 subfamilies (4). In contrast, only
seven V genes have been -ported for the TCR y and about ten V genes have
been reported for the murine TCR 6 (19). The TCR g locus contains up to 71 V
segments grouped in 21 subfamilies (47-51).

The V genes are usually located 5’ to the D or J genes. However, in the
mouse, at least one Vg gene {Vg14) (52), one Vé gene (V§5) (53, 54), and two
Vy genes (Vy1.1 and Vy1.2) (19) are located at considerable distance 3’ to C
genes (2.5 to 10 kb depending on the gene). Except for Vy1.1, the other three
genes are in the opposite orientation of transcription and are thought to

rearrangeby inversion (see below). Some of the V§ genes are interspersed with Va



10
genes (55) and there is some overlap usage of V& with Va genes (19).

Only the TCR g and § loci have D genes. For the TCR g genes, only one
D gene can functionally rearrange (41). However, for the TCR 6, one or two D
genes can rearrange (55, 56). It is interesting to point out that the rearranged D
genes for the g or § loci can be read in all three reading frames, resulting in a
significant increase in the diversity of the resulting TCR chain.

The J regions of the TCR are slightly longer than the corresponding regions
of the Ig (3). The number of J genes is variable: from two for the TCR § gene
segment to about 50 for the TCR a gene segment.

The C genes of the TCR consist of four exons which represent functionally
different domains of the resulting protein. The first exon corresponds to the C
region of the TCR chains and codes for an Ig-like domain structure folded into two
B-pleated sheets (3, 57). The second exon usually codes for the transmembrane
region. The third exon codes for the cytoplasmic domain and part of the 3’
untransiated region of the TCR mRNA. Finally the fourth exon codes for the rest
of the 3’ untranslated region. An alternative exon in the mouse TCR g locus,
called Cg0, has been identified but does not play a significant role in T cell
development (58).

For the three different loci, the C genes range from one, as is the case for
the TCR « and TCR é genes, to four, for TCR y (although one of these is a
pseudogene). The location of the C genes also vary. In the TCR « and TCR §

regions, the C gene is located 3’ of the last J gene. On the other hand, in the TCR
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B locus, the C genes are arranged in tandem of one D region gene, six J region
genes, and one C gene from 5’ to 3'. This organization is conserved in mouse,
rat, and human TCR g loci (40, 41, 59). Similar J-C organization has been
described for the TCR y locus. However, this locus has an inverted J-C tandem

located 5’ to the first Vy gene (19).

REGULATION OF TCR GENE EXPRESSION

The control of TCR gene expressicn can be approached at four different
levels that reflect four different steps of regulation of gene expression. The first
level includes the regulation of TCR gene rearrangement during T cell ontogeny.
The second level is the analysis of the cis-acting regulatory elements of each TCR
locus and the effect that binding of trans-acting factors to these elements has on
TCR gene expression. The third level should approach the mechanism of allelic
exclusion by which only one of the two alleles of each active TCR locus is
expressed. This phenomenon guarantees the single specificity of the TCR on each
particular T cell clone. Finally, TCR expression can be regulated at the
post-transcriptional level, in a series of complex interactions involving the

expression of other molecules and intracellular events in T cell activation.

C<INTROL OF TCR GENE REARRANGEMENT
The organization of TCR loci into V, D, J, and C genes constitutes an

essential feature in the generation of diversity of the TCR heterodimer as these
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genes are able to rearrange in combinatorial joinings (60, 61). In addition to

combinatorial recombination, two more mechanisms increase the diversity of the
TCR (3). One is based on the fact that the actual joining is imprecise and allows
for the joining at three different nucleotides with three different reading frames. The
second one is the addition, at the joining points, of nucleotides that are not coded
for by the DNA. These additions are known as N-additions and are due to the
activity of the enzyme terminal deoxynucleotidyl transferase. In addition to these
mechanisms, it has been recently shown that, in the TCR y and & gene
rearrangement processes, it is possible to have additions of recurrent mono- or
dinucleotides, preferentially AT or AG, coded by the DNA of the sister strand (62).
These elements are known as P-elements, and they are the result of a particular
mechanism of V-(D)-J joining. In contrast to the generation of diversity of Ig,
somatic hypermutation has not been described for the TCR.

The rearrangement and expression of the TCR genes starts during T cell
ontogeny in the thymus (16, 17, 63, 64). This is a consequence of the expected
function of the TCR as well as the processes that immature T cells should go
through in the thymus. These include the development of MHC restriction for the
TCR, a process known as positive selection, and the deletion of those T cells
whose TCR have an unacceptably high affinity for self-MHC, a process known as
negative selection which guarantees self-tolerance.

The first TCR genes to start rearrangement and expression are the TCR y

and § genes (65, 66). This event is first detected around day 14 of fetal life in the
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mouse, and peaks at day 16. it day 16, TCR g VDJ rearrangement begins to be

detectable, and peaks at day 18. This event is followed by rearrangement of the
TCR « gene starting at day 16 of fetal life. The rearrangement of TCR genes
follows an ordered pattern: first D-J rearrangements occur, followed by V to DJ
rearrangements (3). In addition, there are changes in the usage of particular gene
elements during life (67-70). This highly specific, sequential expression of the TCR
genes may be important in the understanding of the development of MHC
restriction and T cell tolerance for the different T cell subsets.

The current model for the rearrangement process involves the joining of the
V(D)J genes (reviewed in (61)). This process is primarily governed by the presence
of recombination signal sequences (RSS) iocated at the 3' end of V genes, at the
5' and 3’ ends of the D genes, and at the 5° end of the J genes. The V(D)J
recombination for TCR genes follows a rule common to the Ig genes and consist
of a conserved heptamer separated from a AT-rich nonamer by either 12 or 23 bp.
Rearrangement can only occur between RSS that have 12 bp spacers with 23 bp
spacer RSS or viceversa, but never with RSS with identical spacer.

The exact nature of the recombination process remains unknown. Based on
the biochemistry of the process, it likely involves a recognition activity, an
exonuclease activity, an endonuclease activity, a polymerase activity and a ligase
activity (61, 71). In addition, it also includes the enzyme terminal deoxynucleotidyl
transferase, responsible for the N additions that cccur at the junctional points and

that adds nucleotides that are not coded by the DNA template.
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The recombinase activity is common to B and T cells, as indicated by the
fact that TCR constructs can be rearranged in B cells (72), and can be transferred
to cells which normally do not express TCR or Ig genes (73). In 1989, Schatz and
Baltimore reported the isolation of a gene that activates rearrangement of a
recombination substrate (74). This gene, known as recombination activation gene
-1 (RAG-1), is expressed in pre B and pre-T cells. The RAG-1 mRNA predicts a
highly conserved protein of 119 kd. More recently, another RAG gene, called
RAG-2 and linked to the RAG-1 gene, has been isolated on the basis of
potentiation of rearrangement of recombination substrates in fibroblasts transfected
with RAG-1 (75). RAG-2 does not share aa similarity with RAG-1 or with any other
reported protein sequence. The expression of these genes is mostly limited to
lymphocyte precursors in thymus and bone marrow. However, using highly
sensitive techniques such as the polymerase chain reaction (PCR), it has been
shown that brain tissue expresses RAG-1 (76) and that the bursa of Fabricius of
chickens express exclusively RAG-2 (77). In addition, the expression of RAG-1 in
the brain is probably functional as transgenic mice for a rearrangement substrate
fully rearrange this construct in the brain but not in the kidney (78). However, the
expression of RAG-1 in the brain may be unrelated to gene recombination or its
function may be highly redundant, as mice in which the RAG-1 has been knocked
out by homologous recombination do not show any neurological abnormality (79).

The exact function of the RAG proteins is not known. Two hypotheses have

been proposed. It may be that RAG genes code for a protein with the enzymatic
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activities required for the rearrangement process to occur. On the other hand, RAG
proteins could be regulatory proteins and control the expression of other proteins
involved in the recombination reaction. The present evidence is compatible with
both hypotheses.

Recent reports have demonstrated that the expression of RAG-1 and RAG-2
is essential for development of B and T cells. This conclusion is based on the fact
that mice in which the RAG-1 or the RAG-2 genes have been knocked out by
homologous recombination are severely deficient in B and T cells, with the defect
being evident at an early stage of their ontogeny, before rearrangement occurs
(79, 80). In addition, RAG-knock out mice are, at present, not leaky for their defect.

The currently accepted medet for how TCR and Ig gene rearrangements
occur predicts predominantly excision of the DNA between the rearranged gene
segments at the base of the stem of the loop formed by the RSS (40). Very
recently, double-strand breaks near the RSSs have been demonstrated, providing
compelling evidence to support this model (81). However, for those cases in which
the gene segment to be rearranged is located in opposite transcriptional
orientation, inversion of the gene segment seems the most plausible mechanism
(40, 53, 54). It has also been proposed that homologous but unequal sister
chromatid exchange may occur in TCR gene rearrangement as partial duplication
of the JB-CB locus has been observed in the TCR g locus of some T cell clones
(40). 1t is not established whether gene conversion can occur during the

rearrangement process but this may cause, in part, the allelic polymorphism seen
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in some TCR loci (82). A similar phenomenon is gene trans-rearrangement which

occurs, in vivo, as a result of chromosomal transiocation between Vy and Dé
genes cor between Vé and Jy genes (83, 84).

Another level of complexity in the understanding of gene rearrangement is
the role of chromatin configuration (85). Although, in general, rearrangement of the
V(D)J genes for TCR and lg seems to be essential for full activation of their
transcription (86), low levels of transcription from non-rearranged V and J-C
regions of Ig (87) and TCR (88, 83) genes occurs prior to the rearrangement
process. Similar observations have been made for class switching between Ig
heavy chain (H) C gene segment (reviewed in (20, 91). The low level of
transcription from non-rearranged genes correlates with future rearrangement of
the V and J-C segments (82, 93) or with switching to the particular Ig subclass
present in the germline transcripts (94). The expression of these transcripts is
independent of enhancer activity (88). However, the upstream region of the
transcription starting sites of the ig H chain C region germline transcripts contains
a regulatory element that has enhancer activity in response to cytokines and other
stimuli (95).

The significance of the germline transcripts appearing before rearrangement
is, at present, unknown. These transcripts may not have any specific function but
represent either conformational changes of the chromatin required for the
rearrangement to occur or for other totally unrelated events. The finding of DNase

I sensitivity of the locus involved in the rearrangement process is consistent with
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opening of the chromatin but does not tell us anything about their function (72).
On the other hand, it is possible that the transcripts themselves are involved in the
opening of the chromatin, or participate in directing the recombinase activity to the
region (96). Finally, the germline transcripts may code for a protein which is
involved in the control of gene rearrangements. This latter hypothesis is supported
by the fact that some of the germline transcripts have open reading frames and
code for small peptides of 25 to 40 aa (97, 98). However, not all the germline
transcripts code for a protein, and it may be that the peptides resulting from these
transcript have additional functions (see discussion).

A critical aspect of TCR gene rearrangement and expression is tissue
specificity as indicated by restricted expression of functional TCR polypeptides to
T cells. Aithough some transcription from unrearranged J,;-Cu 1g genes can be
detected in T cells (86), no functional Ig chain is produced in T cells. In addition,
unrearranged VB genes are transcriptionally silent in non-T cells except for some
B cell lines.

The mechanisms that determine the appearance of successfui
rearrangements of TCR genes only in T cell precursors are unknown. They do not
involve specific components in gene rearrangement as this process follows similar
rules in B and T cells and the recombinase activity is common to B and T cells
(72).

It is possible that enhancer-promoter interactions play a critical role in

determining tissue-specific 2xpression of TCR genes. This hypothesis is based on
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the resuits shown by Ferrier et al (88). Lising a murine model of recombination

involving a transgenic construct containing an unrearranged TCR VBDgJg linked
to the Ig Cu gene, these authors showed that partial rearrangements (D-J)
occurred in T and B cells only when the construct contained the Ig enhancer but
not when this element was not present. The V3 promoter element was essentially
inactive without the enhancer element, as expected from previous reports (99-101).
High levels of transcription from the unrearranged VB geae of the
enhancer-containing construct were seen in the thymus but not in the bone
marrow, and complete VDJ rearrangements were almost exclusively seen in T
cells. These findings support the concept that an enhancer element is necessary
to start the rearrangement process but does not confer tissue specificity on itself.
In support of this conclusion, evidence has been presented that the enhancer
element of the TCR « locus is methylated in non-lymphoid cells and is
undermethylated in both T and B cells (102). Therefore, other eiements are
involved in providing T cell-specificity to the gene rearrangement event. One of
these elements could be related to the V gene promoter. Thus tissue-specific
gene rearrangement would be regutated at the level of V to DJ rearrangement by
re-locating the right TCR V prormoter (with the appropriate DNA conformation, as
indicated by the level of transcription obtainéd from the unrearranged V gene)
within the range of action of enhancer elements. Although this hypothesis is based
on data from the TCR g genes, it could aiso apply to the TCR /& locus for which

the enhancer element is located 69 kb downstream from the most proximat .! gene
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(42, 43, 101).

A more puzzling phenomenon is the coordination of gene rearrangement
and expression of different TCR loci. Introduction of a rearranged TCR g transgene
into scid mice turns on expression of non-rearranged TCR a gene, CD4 and CD8
(30, 31). The exact mechanism of this event and whether it involves opening of the
chromatin or not is not known, but it implies that the sequential gene
rearrangement process observed in T cell ontogeny may be indicative of a

regulatory pathway for coordinate expression of TCR loci.

CIS-ACTING REGULATORY ELEMENTS OF TCR LOCI AND THEIR
TRANS-ACTING TRANSCRIPTION FACTORS

The second level oi control of TCR gene expression is the regulation of TCR
gene transcription through the interaction between cis-regulatory elements in the
TCR genes and trans-acting transcription factors.

The cis-regulatory elements of the TCR genes can be divided in proximal
elements, including promoter regions, and distal elements, which include
enhancers and silencers. This organization is similar to that observed in most
regulatory regions of eukaryotic genes (103, 104).

Most of our knowledge on the regulatory elements of TCR genes comes
from transient CAT assays using constructs with progressive deletions of the
region under analysis. Tissue-specificity of enhancer elements is generally tested

by using homologous (upstream regions of TCR V genes) or heterologous
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(regulatory regions from non-TCR genes) promoters or by transfection of the
particular constructs into T cells, B cells, or non-haematopoietic cells. More
relevant information can be obtained from transgenic animal models in which TCR
gene constructs containing different lengths of flanking regions are used.

By analogy with the studies on Ig genes, the initial efforts to map regulatory
elements in the TCR genes have been directed to promoter sequences 5 to the
V genes and enhancer elements in the introns and 3' of C gene segments of the
TCR loci. A general characteristic of the cis-regulatory elements of TCR geras and
the trans-acting factors is their high level of organizational complexity with
involvement of multiple potential regulatory elements for each gene (105). This
feature, however, seems to be the rule not only for TCR genes but for almost any

eukaryotic gene (103, 104).

Proximal Requlatory Eiements

Careful analysis of the upstream region of different Vo and Vg genes shows
the presence of multiple regulatory elements extending up to 800 bp from the
transcription starting site (106-114) (Figure 2). Usually, the TATA box reported has
a low degree of homology with the classical consensus sequence (107, 110) and
n3 CAAT box (107, 110) or low homology CAAT sequences (106) have been
reported. Functionally, the Va promoters lack significant transcriptional activity in
T cell lines in the absence of the enhancer (100). These features, in addition to the

presence of multiple transcription starting sites for vV transcripts (110), suggests
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? Negative Element

ATTGGCC

ACACATATCA

TTGAGGTTTT

TTAGTCAG

AGTCACACCC

CAGCCCCAA
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CP-1 Dcm. Pm. AP-1 Dcm. Non.
-510 -294 -257 -108 -82 -63 -43 +1
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Figure 2.- Upstream proximal cis-regulatory sequences of a murine Vg gene (not to
scale). The two nuclear proteins that bind the decamer motif are also indicated. Dcm.:
decamer; Pm.: polyoma; Non.: nonamer.
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that the TATA box has poor functional relevance in the regulation of TCR gens

expression. This may partially explzin the relatively low levels of TCR gene
transcription in mature T cells (86).

Common promoters for different members of a Vg8 gene family or even
rnembers of different farnilies have been reported (110). The implications of this
finding may be related to rearrangements of mutuaily exclusive V genes (109).

In addition to the proximal promoter elements with little similarity to the
conventional eukaryotic promoters, other regulatory elements located further
upstream of the TATA box have been shown for different Vg8 genes (108, 110, 111,
113). Using DNase protection assays of DNA from a human a8 T cell line,five
footprints representing sites of protein binding to DNA were detected (108). These
footprints extended over at least 200 bp upstream of the putative TATA box of the
VB gene. In addition, four DNase | hypersensitive sites were located in this area.
A lymphoid-specific footprint containing a decamer with certain degree of dyad
symmetry (AGTGAT/CG/ATCA) and highly conserved in different Vg families has
also been identified (109-111, 113). This decamer motif is located between -63 and
-54, binds two nuclear proteins in a sequence-specific manner (with slightly
different fine specificities), and is necessary for transcription initiation. Its sequence
has some similarities with the cAMP-responsive element (CRE) and the AP-1
binding sites (110, 112). Although binding to the decamer has been reported for
specific thymic factors (70), some other proteins that bind this decamer motif are

present in lymphoid and non-lymphoid nuclear extracts. Two nuclear proteins that
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bind the decamer, called TCR-ATF1 and TCR-ATF2, belong to the bZip class of

proteins, containing a leucine zipper motif and a basic region, and have high
degree of homology with other proizins known to bind CRE such as CREB,
hXBP1, mXBP1 c-JUN, and c-Fos (118). In addition, the decamer motif confers
CAMP inducibility of transcription (115).

An AP-1 binding site has been detected in between -82 and -75, implying
some inducibility of TCR g gene transcription after signal transduction and
phorbol-ester-induced stimulation (113).

Studies using transfection of - nstructs containing different regulatory
regions located further upstream to the transcription starting site (up to -343)
showed the importance of additional elements. When the constructs contained only
the region between -85 to +1 of the Vg promoter linked to the CAT gene, CAT
activity was detected only in T cells and fibroblasts but not on B cells. However,
a T cell-specific enhancement of transcription of the CAT gene was seen when the
construct contained the elements contained in between -85 and -343 (111, 113).
This finding points out that elements that positively control full T cell-specific TCR
B gene transcription lie upstream of the proximal promoter region of the TCR Vg
genes. These elements have been called T cell promoter elements (TPE) and are
transcriptionally silent in B cells, either because of a negative trans-acting factor or
a lack of positive trans-acting factor. The -82 to -343 region corresponds partially
to the other footprints detected by Royer and Reinherz (108) and contains a

consensus sequence for a polyoma-like enhancer (from -107 to -97), an inverted
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repeat (from -170 to -151), a direct repeat (from -257 to -248) and a CAAT box-like

element (from -284 to -288) (113).

An additional element with negative eifects on TCR Vg transcription has
been mapped to a 60 bp sequence located in between -510 and -450 (111, 113).
This element is active on homologous and heterclogous promoters but onlyonT
cells (111). When the TCR g enhancer element is present, the activity of this

negative element disappears (113).

Enhancer Elements

The search for enhancers in TCR loci was originally concentrated to the J-C
introns of TCR loci. in particular, ennancer elements were initially reported in the
Ja-Ca intronic segment of the human TCR «/§ locus (107), the JB2-CB2 intron of
the murine TCR 8 locus (116), and the intron between J§3 and Cé of the human
TCR a/é locus (117). The intronic TCR a enhancer was further claimed on the
basis of the presence, in the Ja-Ca region, of a cuplicated decamer separated by
35 bp with high degree of homology with the IgH chain enhancer (i07). For the
TCR B locus, DNase | hypersensitive sites are consistently detected in the JB2-Cp2
intron (118, 119), and binding sites for NF-xB and NF-gi2 are present in this region
(120). However, the intronic enhancers for the TCR a and g lcci have not been
confirmed in this location by other groups neither in human or mouse (99-101).
rhe reasons for these conflicting results are not clear.

For the murine and human TCR /6 locus, a set of potent enhancer



25

elements have been mapped 3 to 4.5 kb downstream to the Ca gene segment
(100, 101). These enhancer elements share 90% sequence identity (105). For the
murine TCR a locus, the enhancer activity is located in a region of 230 bp which
has four sites (NF-a1, NF-a2, NF-a3, and NF-a4) able to interact with DNA-binding
proteins (101). The NF-a2 and NF-a4 binding sites are essential for enhancer
activity, while NF-a3 and NF-a4, which share a general sequence of a pyrimidine
stretch followed by a purine stretch, are apparently T cell-specific.

The human TCR o enhancer elements have been mapped to a 275 bp
region 3’ to the Ca gene segment (100) (Figure 3). Footprinting analysis of this
region showed four functionally significant binding sites for DNA-binding proteins,
called Tal, Te2, Te3, and Ta4,; a fifth site, Ta5, did not add any significant
enhancer activity (100). Ta1 corresponds to the mouse NF-a2 site. The Ta2 site,
which was originally described as containing two protein-binding sites and is now
known to have three different binding sites, corresponds to the murine NF-o3 and
NF-a4 sites. The . uivalent murine sites to the human Te3 and Ta4 sites have not
besn identified because the construct used by Winoto and Baltimore (101) did not
extend beyond 3’ of the murine equivalent to Te2 (105).

The human TCR a enhancer element is preferentially active in a8 T cells,
and is also active on heterologous promoters. The Ta1 and Ta2 sites, that extend
a region of 116 bp, are sufficient for minimal enhancer activity, while the Te3 and
Ta4 sites alone have ten times less activity than the Ta1 and Ta2 site-containing

construct (100). However, the presence of Ta3 and T4 sites may compensate for
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CTCCCATTTCCATGACGTCATGGTTA

GCACCCTTTGAAGCTCTCCCGCAGAAGCCACATCCTCTG

GAGATAGCATCGCCCCAGGCCACGTGCCGAG

CCCCAACCGCAGGTGC

5' 3"

CRE-BP1

mXBP

Figure 3.- Organization of the human TCR a enhancer and the putative transcription
factors binding to the different enhancer elements. Modified from (105).
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mutations that abolish the function of the Ta1 and Ta2 sites (102). The 20 bp

spacing between Ta1 and Te2 sites, but not their nucleosome phasing, seems to
be critical for enhancer activity.

The sequence of the Ta1 site shares homology with the CRE and binds four
to six CRE binding (CREB) proteins, three of which have been characterized as
CREB, CRE-BP1 (also known as ATF-2 or mXBP), and ATF-4. None of these
proteins are T cell-specific (105). CREB protein confers cAMP-responsiveness,
while CRE-BP1 confers responsiveness to the viral E1A protein. The function of
ATF-4 is unknown but it may act as a repressor of CRE-dependent transcription
in certain cell types.

The Ta2 binding site does not have any sequence similarity with previousiy
reported protein-binding motifs. The Ta2 site binds at least four different proteins,
three of which have been identified and characterized: murine and human TCF-1
(121, 122), TCF-1e or LEF-1 (123), and Ets-1 (124). TCF-1 is a lymphoid -specific,
and perhaps T cell-specific DNA binding protein with a high mobility group (HMG)
domain, and also binds to the CD3-e¢ enhancer element (121). The HMG domain
is essential for DNA binding. However, in contrast to other proteins with an HMG
domain, such as HMG-1, TCRF-1 binds DNA in a sequence-specific manner. LEF-1
is also a DNA binding protein with an HMG domain which is expressed in aB and
yé T cells, during all stages of development. However, the activity of TCF-1 and
LEF-1 seems to require the presence of other transcription factors. Ets-1 binds to

the 3’ end of Ta2 (124) and is preferentially expressed in thymocytes and T cells



28

(125). In thymocytes, the time course of expression is almost identical to the time
course of expression of TCR a gene. However, Ets-1 alone is not able to trigger
TCR a gene expression. In addition to Ets-1, another Ets-related protein has been
recently identified. This protein, called Ets-4, is able to bind both TCR « and TCR
8 enhancer elements (105). It is interesting to note that the Ta2 site may act as
an activator or as & repressor of transcription depending on the DNA regulatory
regions surrounding it (126).

The Ta3 site binds at least three different proteins. Close examination of Ta3
reveals a GATA box, an AP-2-like site, and a xE2 (E box)-like site (105). The GATA
box binds a protein known as GATA-3 (127, 128) which is a member of the family
of GATA proteins. These proteins play an important role in haematopoietic cell
development (129-131). The chicken, murine and human GATA-3 are highly
homologous, and have two Zn finger domains (127, 132, 133). The pattern of
expression of GATA-3 is particularly interesting as it is expressed predominantly
in aB and yé T cells but not in other haematopoietic cell lineages (134). The time
course of GATA-3 expression during T cell ontogeny is consistent with a role of
GATA-3 in determining cell maturation to T cell lineage, as it is expressed very
early in thymocyte maturation (105). In addition, GATA-3 expression can be
up-regulated with PMA, and this event is associated with expression of TCR «
mRNA in an immature T cell line which does not normally express this gene (127).
However, GATA-3 expression is found in the brain and in the kidney of chickens

and in murine brain and placenta (132, 133). In chicken kidney, there are two
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forms of GATA-3 mRNA (132).

Finally, the Ta4 binding site does not have any sequence similarity with
previously reported protein-binding motifs, and binds three ubiquitously expressed
nuciear proteins, still uncharacterized (105).

The mouse TCR g enhancer has been mapped 3’ to the Cs2 gene segment
(99, 135), in a region containing two DNase .l hypersensitive sites located 4.5 and
3.3 kb downstream of Cg2 (118). Both sites are present only in 8 T cells but not
in B cel's or fibroblasts. Only the distal DNase | hypersensitive site is presentin T
cell precursors, suggesting that the proximal site to C82 is not only T cell-specific
but also stage-specific. Both sites are necessary for TCR g gene transcription as
shown in transgenic mice (135). The presence of this hypersensitive region
corresponds to the location of important regulatory elements as shown by
sequence homology of these sites to the human TCR a enhancer, the SV40
enhancer, the polyoma virus enhancer, the IgH enhancer sites, and AP-1-like
binding sites (99, 118, 135). More recently, careful DNase | footprinting analysis
and gel mobility shift assays have shown that, in an area of 695 bp in this
hypersensitive region, there are seven protein-binding sites, known as g1 to g7
(136). The BE2 site is similar to the V8 decamer motif. The #=3 site has homology
with the xE2 sequence and the SE4 site has homology with the SV40 enhancer.
On the other hand, the gGE6 is identical to the uEBP-E motif of the Ig enhancers,
and also contains sequence homology with the polyoma virus enhancer. Binding

to these sites could be competed with the presence of the decamer motif present
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in the VB promoter region or the Ig enhancer xE2. The murine TCR B enhancer

is inducible by PHA and PMA as suggested by the presence of AP-1-like binding
sites (136). It is interesting to point out that T cell-specificity of this minimal
enhancer element is only achieved by including 4 kb of flanking regions,
suggesting that the in vivo requirements may be more complex than the in vitro
requirements. This possibility is also valid to other systems such as the regulation
of MHC class Il gene expression (137).

The human TCR g erhancer element has been analyzed recently (138). This
enhancer element is similar to the murine counterpart, and contains sequences
with homology to the Ig xE2 motif, CRE, and AP-1 binding sites. The enhancer is
predominantly active on af and y§ T cells, but is not active in fibroblasts. The
minimal enhancer activity is '~cated in a 480 bp region mapped 3’ to Cg2,
containing five protein binding sites (TA1 to T85), of which T2, T3, and T34 are
essential.

Analysis of the murine and human TCR g8 enhancer indicated that the TCR
a and the TCR g enhancers share binding proteins, such as a CRE-binding protein
in Tal and TA2, binding of TCF-1 to Te2 and T85, and binding of Ets to Te2 and
to Tp3 (105, 138). In addition, a GATA box has been reported in T2 (105) and
binding of GATA3 to this hox has been demonstrated (128). These findings
suggest that the regulation of the expression of TCR « and TCR g genes is
coordinated. However, there is also evidence that expression of TCR a and TCR

B genes may be under different control mechanisms. The first evidence for such
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differential control was provided by MaclLeod et al (139). Using somatic cell hybrids
between a T cell lymphoma line with no TCR g gene expression and another T cell
lymphoma line expressing a functionally rearranged TCR g gene, these authors
showed that the resulting hybrid did not express TCR g mRNA, while the
expression of TCR @ mRNA was not affected. The lack of expression of TCR g
gene was not due to chromosomal loss, and could be reverted with cycloheximide.
From these results, they concluded that an specific negative trans-acting factor
was involved in turning off the expression of the TCR g8 gene. These resuits imply,
first that gene rearrangement, although necessary for full transcription is not
sufficient, and second, that TCR a gene expression does not require TCR g8 gene
expression, arguing against previous suggestions made on the basis of ordered
rearrangement of TCR genes (65, 66). More recently, using a T-lymphoma cell line
which does not express functional TCR a« or TCR 8 mRNAs, it has been shown
that, although protein synthesis inhibitors induce a reversible increase in the
amount of functional TCR « and 8 mRNAs, these agents induce transcription of
only the TCR g gene but not of the TCR a gene (140).

The differential contro! of expression of TCR a and TCR g8 genes applies
also to different elements responding to different pathways of signal transduction.
For example, calcium ionophores increase TCR a gene transcription in the
absence of any increase of TCR g transcripts (140), while phorbol esters induce
an increase in transcription of both TCR a and TCR g genes (141, 142). However,

phorbol ester-induced TCR a gene transcription is independent of new protein
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synthesis while the increase in TCR g gene transcription requires new protein

synthesis. The differential control of TCR gene expression by different signal
transduction pathways also applies to the TCR y genes (142). Together, this
evidence further corroborates that, in certain circumstances, there is differential
regulation of TCR « and TCR 8 gene transcription. The reason for such finding is
not clear yet but it may have to do with different mechanisms of control during the
ordered sequence of rearrangement and expression of TCR genes during T cell
ontogeny, or, alternatively, that one of these genes has additional functions
requiring its separate expression.

Much less is known about the regulatory sequences and trans-acting
DNA-binding proteins for the TCR y and TCR § genes. In the murine TCR v locus,
an enhancer element has been located in a 3.9 kb region located 2.5 kb
downstream of Cy1 (143). This region contains six hypersensitive sites (NF-y1 to
NF-y8), of which three (NF-y2, NF-y3, and NF-y4) are essential for enhancer
activity. The minimal enhancer activity can be Iccated in a 200 bp region containing
these three sites. The TCR y enhancer works in a T cell-specific manner, although
it does not work in all T cell lines if it is not present in multimerized form {143). This
suggests that this enhancer has a relatively weak activity and requires the
presence of other elements to achieve fuli activity. In addition, this minimal
enhancer element contains several motifs with homology tc enhancer elements in
other TCR genes and Ig genes, and viral enhancer elements. It is interesting to

point out that NF-y1, NF-y3, and NF-y4 have homology with the Ta2 element, the
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TCR a NFa5 element, the TCR g core enhancer, and the TCR s E3 element (see

below). The NF-y1 site has homology with the GATA3 binding site but binding of
GATAS to this site could not be demonstrated (128). In addition, the TCR vy
enhancer element contains regions of homology with AP-2 binding elements,
topoisomerase |l binding sites, and matrix associated regions.

An interesting feature of the regulation of expression of the murine TCR y
gene is the fact that, in pre-B and pre-T IL-3-dependent cell lines, the presence of
IL-3 in the medium induces transcription of non-rearranged TCR y gene (144). The
withdrawal of this cytokine greatly reduces the presence of TCR y transcripts and
this is not due to cell death. The implication of this result is that cytokine-induced
transcription from unrearranged TCR genes likely occurs during lymphocyte
development, as IL-3 acts on early stages of differentiation (145), and that
cytokines may have an important effect in regulation TCR gene transcription (16).
However, to my knowledge, no other report has addressed the specific effects of
cytokines in TCR gene transcription. Nevertheless, there is substantial evidence
that cytokines regulate Ig gene transcription and class switching (95, 148, 147).

At the present time, nothing is known about the organization and function
of the human TCR y enhancer.

The murine and human TCR é enhancers are, so far, the only TCR
enhancer elements located in a J-C intron, specifically in the J§3-Cé intron in
humans (117, 148), and the J§2-Cé intron in the mouse (149). The human TCR

§ enhancer is mapped in a 1.4 kb region with maximal enhancer activity located
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in a 250 bp segment near the 3' end of this region. The 250 bp segment contains

seven protein-binding sites (§E1 to §E7), of which two (§E3 and 5§E4) have very
potent enhancer activity and are the core of the enhancer element, and one of
them is essential (§E3) (150). The §E3 and part of the §E4 sites share homology
with the xE2 site while the §E1 and §E4 sites have GATA boxes. In addition,
binding of GATAS to the §E4 has been demonstrated in vitro (128, 133, 134). The
sE2, §E3, 6E5, and §E7 sites have homology with Ta2 of the TCR a enhancer,
and, in particular, the §E7 is identical to the Ta2 TCF-1-binding site (148). More
recently (150), a new §E3-binding protein, called NF-§E3A has been isolated. This
protein is predominantly expressed in y§ T cells and in aB T cells in which exhibits
some low affinity binding with Ta2. However, it only has low affinity binding with the
LE3 regulatory sequence of Ig genes. It is interesting to point out that a 400 bp 5’
flanking region of the minimal TCR & enhancer element may contain a weak
negative regulatory element, and that §E1 also has a weak negative regulatory
activity on the TCR s enhancer (117, 148, 150). The human TCR § enhancer
element is active on of and y§ T cells and promotes transcription from
homologous and heterologous promoters.

The mouse TCR § enhancer is not as well characterized as the human
counterpart (149). It is located in the J6§2-C$ intron, in a 766 bp region with high
degree of homology with the human TCR § enhancer, implying that it may have
similar functional properties.

From the data presented so far, it is evident that there is a building pattern
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for enhancer elements of TCR genes as well as other T cell specific genes such
as the CD36 and CD3e genes, the interleukin 2 gene, and the CD2 gene (17, 105).
This is consistent with the finding that multiple transcription factors in T cells can
coordinately regulate T cell function at the level of T cell-specific gene transcription.
Such level of redundancy, with still some possibility of differential expression of the
genes involved could be explained by three different explanations (105). It is
possible that the function of the different transcription factors in specific sets may
lead toward different patterns of gene expression. This possibility is consistent with
the finding that some transcription factors require the presence of other
trans-acting factors in order to be active. On the other hand, it is possible that
some transcription factors display different binding specificities under different
circumstances and by different unknown mechanisms. This alternative is
particularly attractive when considering the Ets family of transcription factors, in
which binding capacity of some of its members to particular DNA sequences
seems to depend on the conditions of the experiment. Finally, some regulatory
elements may have negative effects on the expression of particular genes, or even
have dual effects depending on the location in the genome. This is consistent with
the description of silencers in the TCR a/& and v loci (see below), as well as the
dual properties of the Te2 binding site in the TCR « enhancer (1 26).

In addition to positive control elements in the TCR gene regulatory region,
negative cis-acting elements, known as silencers, have been recently reported

(151, 152). These elements have been found in the TCR a/§ locus and in the TCR
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v locus. The main function of these elements is to ensure transcriptional inactivity
in cells of different lineage (153). The TCR « silencer is located 5’ to the TCR «a
enhancer and consists of at least two elements with sequence homology with
topoisomerase |l sites and matrix-associated regions (151). The « silencer is
responsible for turning off transcription of the TCR « gene in non-ag8 T cells, and
is also active in non-T cell lines. Another silencer element has been described for
the TCR vy locus (152). Its function is similar to that of the TCR « silencer, as it
shuts off the expression of the TCR y gene in non-ys T cells. In the absence of
this silencer, transgenic mice for the y§ TCR have a severe blockade of af T cell

maturation (153). In its presence, af T cells develop normally.

CONTROL OF TCR MONO-SPECIFICITY IN EACH T CELL: ALLELIC
EXCLUSION

Peripheral T cells express a single type of TCR that, except for some rare
exceptions (29), is either an ap or a y§ TCR (2). Moreover, all the TCR molecules
expressed on the surface of a particular T ceil have the same Ag specificity. This
feature is consistent with the clonal selection theory that predicts clonal expansion
of those T cells with a particular Ag specificity, after engagement with
MHC-antigenic peptide complexes (18). The mechanisms that control the
expression of a particular TCR heterodimer in any given T cell are not entirely
clear. They may involve the preferential expression of certain TCR loci, the

preferential association of particular TCR molecules, and a mechanism of allelic



exclusion.

The preferential expression of particular TCR loci in a given T cell is a
question closely link to the lineage relationship between o8 and ys T cells.
Whether TCR gene rearrangen =nt follows a sequential, stochastic model or a8 vs
v6 TCR gene rearrangement is the resuit of an ordered, pre-determined state is
a matter of debate (64). Analysis of the DNA circles resulting from excision of
intervening DNA in the TCR «/§ locus of e T cells has yielded controversial
results, as in some cases the TCR & gene in the circles was still in germline
configuration (154) and, in other cases, was rearranged (155), indicating that af
T cells developed from unsuccessfully rearranged y§ T cell precursors. A more
informative strategy has been the use of transgenic mice for TCR y§ (153). When
the transgenic constructs did contain a TCR y silencer, ag T cells developed
normally. In the absence of the TCR y silencer, there was a severe blockade of a8
T cell maturation. This result strongly supports the idea that y6 and g T cells are
the resuilt of two different cell lineages. Silencer elements have been also detected
for the TCR a genes and, in this case, the silencer may repress the activity of the
TCR a enhancer in non-af T cells (151). However, it has been shown that ag T
cells may have rearranged TCR y loci, although in these cases, there is no
transcription from the rearranged TCR y locus (65). More recently, the analysis of
the enhancer elements of the different TCR loci has shown that some
cis-regulatory regions and some transcription factors are shared by members of

different TCR loci. This finding has been taken as evidence in favour of a
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sequential model of T cell lineage determination in which the differentiation into af
vs v§ T cells would be decided at the level of gene transcription (148).

The preferential association among different TCR chains has been elegantly
shown by Saito et al (22). Using transfected cells expressing functional TCR a, B,
v, and ¢ proteins, they showed that TCR a and g8 chains and TCR ¥ and § chains
associated in a mutually exclusive manner. No mixed heterodimers, such as Bésor
ay, were detected. The mechanisms involved in such preferential association are
not known, but likely also involve the interactions of each TCR chain with specific
CD3 chains in cooperative or inhibitory sense (156).

As for the Ig genes, it seems that allelic exclusion is operating in TCR gene
expression but it is not known yet whether allelic exclusion follows an stochastic
model, by which any one of the chromosomes for a particular TCR gene could
start rearrangement, or a regulated model in which functional rearrangemen
occurring at one locus wouid suppress rearrangement at the othe
Nevertheless, the evidence for alielic exclusion comes from two diffe: :::¢ vy es of
experiments. First, sequencing of TCR loci in both chromosomes has sh-wi; that,
in most cases, oily one of the loci is functionally rearranged while the other is
either in germiline configuration or in an out-of-frame rearrangement (109). This is
particularly true for TCR g genes. The data regarding the TCR «a locus is not as
clear, as secondary and tertiary functional rearrangements of the TCR a locus have
been described (89, 157). The second line of evidence for allelic exclusion in TCR

gene expression comes from the analysis of transfected cell lines or transgenic
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mice for TCR genes (30, 158-163). These experiments have shown that
introduction of a functionally rearranged TCR gene usually suppresses the
rearrangement and expression of endogenous TCR genes, with evidence that this
effect is mediated through the protein resulting from the transgene (160, 161).
From these experiments, however, some differences in the mechanisms involved
in alielic exclusion of TCR « and TCR g genes became evident. While transgenic
mice for the TCR g chain show no rearrangements for endogenous TCR g8 gene,
whether or not the construct contains an enhancer element, transgenic mice for
an apB TCR show rearrangement for the endogenous « when the TCR a transgene
does not contain an enhancer element (158, 164, 165). However, endogenous
TCR a gene rearrangements are almost completely abolished when the TCR «a
transgenic construct contains an IgH enhancer element (160, 164, 166). In
contrast, recent evidence indicate that in clonc .. . \ymocytes of transgenic «8 TCR
mice, rearrangement of endogenous TCR a genes only stops after positive
selection in the thymus and this occurs in spite of the presence of a TCR «
transgene (167). This would imply that it is possible for some T cells to express
two different TCR a chains, and because this is unusual in the periphery, it leads
to suggest that allelic exclusion for TCR a could occur at the level of the protein.

In summary, allelic exclusion in T cells probably represents a common
phylogenetic mechanism to ensure single specificity for the receptor expressed on
a particular cell. However, analysis of those cases in which alielic exclusion is not

followed, may reveal new interactions between TCR proteins and between TCR
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proteins and cis-regulatory elements in the TCR logi.

POST-TRANSCRIPTIONAL REGULATION OF TCR GENE EXPRESSION

Post-transcriptional regulation of gene expression is stili targely unknown.
This also applies to the regulation of TCR gene expression. On the basis of lack
of data on post-transcriptional regulation of TCR gene expression, it is widely
assumed that most regulatory events for TCR expression occur at the level cf gene
transcription. However, some isolated reports indicate that post-transcaptional
regulation of TCR gene expression may be an important step regulating TCR
expression on the cell surface.

In 1988, Wilkinson and Macleod reported that cycloheximide induces an
increase in steady-state RNA levels for TCR « and TCR g (140). These authors
concluded that the cycloheximide-induced increase in TCR @ mRNA was due to
areversal of nuclear post-transcriptional events and/or cytoplasmic events related
to RNA stability, as cycloheximide did not increase TCR « gene transcription. In
contrast, cycloheximide induced ar increase in TCR 8 gene transcription as well
as an increase in steady-state RNA levels. The mechanism responsible for this
phenomenon is not known. It may be that cycloheximide blocks the expression of
a protein that represses TCR g gene expression, or that cycloheximide decreases
the levels of a protein involved in RNA degradation.

More recently, post-transcriptional regulation of TCR expression has been

suggested by the demonstration of inverse correlation between steady-state levels
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of TCR mRNAs and levels of surface expression of TCR (256). In addition, it has

been shown that TCR expression is downregulated very early (between 4 and 7
hours) after T cell activation with mAb against CD3 plus PMA or with mAb against
CD2 (168). The downregulation of TCR expression is due to a decrease in TCR «
and TCR B gene transcription as well as a decrease in the half-life of RNAs for
both TCR chains. The initial down regulation of TCR a and g expression is followed
by an induction of their expression with an increase of RNA stability occurring first
and being followed by an increase in transcription. The kinetics of down-regulation
followed by upregulation of TCR a and g genes were also observed for TCR v,
CD4, and CD8. Nothing is known about the molecules involved in affecting RNA
stability in this situation. However, downregulation of TCR and CD8 expression
could play a crucial role in the induction of extrathymic tolerance (169).

Post-translational regulation of TCR expression has been shown in double
positive thymocytes after in vivo treatment with anti-CD4 mAbs. The effect of
administration of mAb against CD4 on T cell development is the practical
elimination of CD4* single positive cells in the thymus (170). In the double positive
thymocytes of anti-CD4-treated mice, there is an increased expression of TCR on
the cell membrane. The increase in expression is due to an increase of release of
newly synthesized TCR chains from the endoplasmic reticulum, and not due to
increases in transcription, in translation, or in assembly (171).

Finally, the expression of TCR molecuies may be regulated by availability ot

CD3 molecules. In particular, transfection experiments have shown that the CD3
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{ and the CD3 e chains are critical for the expression of functional TCR complexes

on the cell surface (172).

OBJECTIVE OF THIS THESIS

During studies on the T cell repertoire in a murine model of autoimmune
glomerulonephritis (173), we detected, in kidneys of normal mice, an RNA that
hybridized with a TCR a cDNA probe. The size of the detected RNA was sightly
smaller than the size of a complete TCR « mRNA (1.3-1.4 kb vs 1.6-1.7 kb). The
purpose of this thesis is the characterizatior of the expression of such an unusual
transcript at the molecular and cellular levels.

The characterization of the cellular ~rigin of the truncated TCR « mRNA
should be approached under the consideration of the particular features of the
kidney cell populations, that is, epithelial vs interstitial cells. Due to the particular
pattern of TCR gene expression, the experimantal work related to the
characterization of the cells expressing the truncated transcript should include the
testing of their origin, the relationship between these cells and the T lymphoid
lineage, their thymus dependence, and their need for intact recombination
capability.

The molecular characterization of the truncated TCR « mRNA involves the
analysis of the transcript itself as well as the molecular biology of the transcript
which includes processing and translation.

The potential relevance of pursuing such finding is two-fold. On one hand,
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if the transcript is, indeed, a truncated, germline TCR @ mRNA, then the expression
of such transcript in the kidney may be a useful model to study in vivo contr i of
TCR a gene rearrangement and expression, and the role of germline transcripts
in the recombination process. As the control of the expression of TCR « gene is
a good example of developmentally regulated, tissue-specific gene expression,
some insights in the molecular events determining this process may be gained.
Another potentially relevant aspect of this project is that the expression of
the truncated transcript may be a good indicator to define a novel subset of renal
interstitial cells. Little is known about the resident celi populations in the renal
interstitium and their functions. A better understanding of their cell lineage as well
as their phenotypic identity may be useful to pursue other research questions that

are currently hampered by the lack of clearly defined experimental models.
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MICE

Eight to twelve week old male and female CBA/J mice (H-2%), DBA/2J (H-
2%, BALB/cCrAlt (H-2%), BALB/c nu/nu and their normal litermates nu/+ (H-2%),
C3H/HeSnJ and C3H/HeSnJ scid/scid (H-2*) were purchased from the Jacksen
Laboratory (Bar Harbor, ME). In addition, mice congenic for the Ly-6 gene
(A.Ly-6.2; H-2*/9) were bred in the animal facilities of the University of Alberta. Mice
were maintained in our animal colony with standard mouse chow and free access
to water. Mice were killed by neck dislocation, and organs were harvested after
exsanguination and snap frozen and stored at -70°C or pilaced in phosphate
buffered saline (PBS) for immediate use. Tissues for histological studies were
embedded in Tissue-Tek O.C.T. (Ames Division, Miles Laboratories Inc, Elkhart,

In), snap frozen, and stored at -70°C.

RENAL CELL FRACTIONATION

Renal tissue fractions enriched in interstitial cell populations were obtained
using the technique reported by Schreiner et al {(174), with some modifications.
Briefly, 10 to 20 kidneys were minced and sieved through a 150 um sieve in
Hank’s balanced salt solution (HBSS) (Gibco Laboratories, Grand Island, NY). The
cells were washed twice in HBSS (2500 r.p.m. for 20 min. at room temperature)
and the pellets underwent enzymatic digestion with HBSS containing 1% Hepes
buffer, type Il collagenase (Sigma Chemical Co., St. Louis, MI) (500 pg/ml) and

DNase | (Sigma Chemical Co., St. Louis, Ml) (0.01 mg/mil) for 30 minutes. After
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digesticn, cells were spun down and washed twice (2500 r.p.m. for 10 min. at 4°C)

with PBS with 2% fetal calf serum and placed in PBS with 1 mM EDTA for 10
minutes. After centrifugation and one wash in PBS, the suspension was allowed
to settle for 1 minute, the supernatant was collected, and the cells were washed
and resuspended in PBS. At this time, the cell suspension contained interstitial
cells, red blood cells, and some intact glomeruli and small tubule epithelial cell
clumps. Further separation was performed with Percoll gradients from <40% to
100%, and cells were pooled in four fractions: <40%, 40-50%, 50-70%, and
70-100%. The <40% fraction contained large cells with some glomeruli and tubule
epithelial cell clumps. The 40-50% contained macrophage-iike cells and some
lymphocytes, while cells in the 50-70% fraction were mostly lymphocyte-like. The
70-100% fraction was mainly composed of red blood cells. The percentage of cells
isolated in each fraction in relation to the total number of cells isolated from each

kidney is represented in Figure 4.

RNA EXTRACTION AND NORTHERN BLOTTING

Total RNA from frozen kidneys was extracted using the guanidinium -
cesium chloride method (175). Total RNA from each cellular fraction was extracted
by the technique reported by Chomczynski and Sacchi (176). Cytoplasmic RNA
from solid organs was extracted following the technique reported by Bothwell et
al (177), with some modifications (175). Briefly, cell lysis (from 2 kidneys) was

performed in 2 ml of lysis buffer (50mM Tris-HCI pH 8.0, 140 mM NaCl, 1.5mM
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50-70%
70-100%

Figure 4.- Cells isolated in 2ach fraction as percentage of total
number of cells isolated from each kidney. The results are
presented as mean of 8 cell separation experiments. The standard
deviations for these experiments were: 14.2% for fraction <40%,
6.3% for fraction 40-50%, 12.7% for fraction 50-70%, and 2.4% for
fraction 70-100%.
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MgCl,, 0.5% Nonidet P-40) in the presence of 20 mM Vanady! Ribonucleoside

Complex (Gibco BRL, Gaithersburg, MD). After pelleting the nuclei (2000 r.p.m. for
5 min at 4°C), the supernzatant was collected and added to 4 ml of 6M guanidinium
thiocyanate and 32 ul of 8-mercaptoethanol. The samples were then spun down
(10000 r.p.m. for 10 min at 4°C) and the supernantant processed as for extraction
of total RNA following the cesium chloride method (175). Poly A* RNA was isolated
by oligo-dT csllulose column chromatography (Boehringer Mannheim GmBH
Canada Ltd., Laval, Quebec) with a poly-A* recovery of 1-2% of the total RNA
applied (175).

The final concentration of RNA was measured by spectrophotometry at
absorbance of 260 nm. Northern biot analysis was performed using 5.5-30 ug of
RNA for each sample, run in a 1.5% agarose, 2.2 M formaldehyde gel and
transferred to a nitroceliulose filter. Filters were incubated in pre-hybridization
golution containing 50% formamide, 5X Denhardt’s solution, 5x SSPE, 0.1% SDS,
100 pg/mi of denatured salmon sperm DNA, and 5% dextran sulfate, for 4 to 6
hours, at 42°C (175). The filters were then hybridized with random oligo-primed
*2P-labelled cDNA probes for murine TCR Ca (178), murine TCR Cgs (179),
murine TCR § (180), I-Ac (181), and murine B,-microglobulin {182), at the same
temperature, overnight (12 to 18 hours). The synthetic oligonucleotide
5'~-GAGGGTGCTGTCCTGAGACCGAGG-3', complementary to the 5' end of the
first exon of Ca (183) was 5'-terminally labelied with y-32P ATP (175) and used as

intra-Ca probe. The location of this oligonucleotide in relation to the TCR a C
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region exons is indicated in Figure 5. After hybridization during 14-24 hrs, filters
were washed in 2x SSC (0.3M NaCl, 0.03M Na citrate), 0.1% SDS 5' at room
temperature, followed by two washes in 0.2X SSC, 0.1% SDS at 60°C for 15' and
a final wash in 0.1X SSC, 0.1% SDS at 60°C for 10°’. To confirm that the same
amount of RNA was loaded in each track, the gel was stained with ethidium

bromide and/or the filters were hybridized with chicken g-actin cDNA probe (184).

POLYMERASE CHAIN REACTION (PCR)

PCR was performed in a Tyler Thermal Reactor (Tyler Research Instruments
Corporation, Edmonton, AB, Canada) according to the method described by
Kawasaki (185), after initial reverse transcription of RNA with a specific antisense
oligoprimer. Speciiically, reverse transcription of 500-1000 ng of total RNA was
performed in a final volume of 10 ul using the following reagents in the indicated
final concentrations: 50 U of Moloney rurine leukemia virus reverse transcriptase
(SuperScript® RT, Gibco BRL, Gaithersburg, MD), 50-100 ng of sequence-specific
antisense oligonucleotide, 1 mM of each deoxynucleotide, 6 U of placenta RNase
inhibitor (RNasin® ribonuclease inhibitor, Promega Corporation, Madison, WI), and
PCR bu#~e (S0mM KCI, 20mM Tris pH 8.4, 2.5mM MgCi,, 0.1 mg/ml nuclease-free
bov.ne serum albumin, and 1mM dithiothreitol). The reacticn was incubated at 42°C
for 1 hr. After reverse transcription, Taqg DNA polymerase (0.5 U) (Gibco BRL),
sequence-specific sense oligonucleotide (50-100 ng), PCR buffer to achieve the

final concentrations mentioned above, and water were added to the samples and
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5'-GAGGGTGCTGTCCTGAGACCGAGG-3'

5'-CATCCAGAACCCAGAACC-3' 5'-CGGAACTTGGAAGTCAGLC-3!

Figure 5.- Location of the synthetic oligonucieotides used in these experiments in
relation to the Cu gene segment. Map is not draw to scale.



51

amplified with PCR. The following temperatures were used in each cycle: initial
denaturation at 94°C for 2', and, afterwards at 92°C for 1’, annealing primers at
52°C for 30", and extension at 72°C for 1 minute. In the final cycle, samples were
kept at 72°C *..x 10’. The PCR was stopped after 20 or 40 cycles, depending on
the exps

For TCR Ca amplification, the sense primer used was
5'-CATCCAGAACCCAGAACC -3', which binds to the 5’ end of the first exon of
Ca; as anti-sense primer, we used 5'-CGGAACTTGGAAGTCAGGC-3’ which is
complementary to the 5° end of the fourth exon of Ca (186). Oligonucleotides were
synthesized in the DNA synthesis facility at the University of Alberta (Department
of Microbiology). The location of these oligonucleotides in relation to the TCR « C
region is indicated in Figure 5.

Aliquots from the amplification reactions were run in a 1.5% agarose gel in
TBE buffer (0.089M Tris-Borate, 0.089M boric acid, 2mM EDTA).

Specificity of the amplified cDNA was confirmed by hybridization with
specific probes, after Southern transfer from the agarose gel on to nylon
membranes (175). In each PCR run, a negative control containing primers, buffers,

dNTPs, and Taq polymerase but no RNA was included.

SEQUENCING
Amplified products were cloned into the Smal site of pUC19 and sequenced

by the dideoxy method using Sequenase (United States Biochemical Corporation,
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Cleveland, OH).

MONMNOCI.ONAL ANTIBODIES

Mouse monoclonal antibodies (mAb) against the NK-1.1 determinant
(PK136; 1gG,,) (187), and against a monomorphic determinant of 1-A¥ (11-5.2.1.9;
IgG,,) (188) were grown in our laboratory from cell lines obtained from American
Type Culture Collection (ATCC). A rat anti-mouse Mac-1 « unit (M1 /70.15.11.5 HL;
IgG,,) was also grown in our laboratory from an ATCC cell line (189). A hamster
anti-mouse CD3 € (145-2C11; IgG) (190) was kindly provided by Dr. D.R. Green
(La Jolla Institute of Allergy and Immunology, La Jolla, CA). A rat anti-mouse
anti-Thy-1.2 mAb (30-H12; IgG,,) was purchased from Becton-Dickinson (191).
A murine mAb against mouse leukocyte common antigen (anti-Lyt 5.2; I9G,,) (192)
was purchased from Cedarlane Laboratories Ltd. (Hornby, Ontario, Canada).
Surface expression of these molecules on cell fractions was performed by flow
cytometry after indirect FITC labelling.

A hamster anti-mouse monoclonal antibody (IgG) against an epitope of the
constant region of the TCR a chain (H28.710; IgG) was kindly provided by Dr. R.
Kubo (National Jewish Center for immunology and Respiratory Medicine, Denver,
CO). This mAb recognizes the TCR a chain when dissociated from CD3 molecules
as indicated by the fact that it reacts with TCR a chains obtained from lysates

prepared with strong detergents but not with lysates made in digitonin (160).
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IRRADIATION AND BONE MARROW RECONSTITUTION EXPERIMENTS

To test the radiosensitivity of the renal cells expressing the truncated TCP.
a mMRNA, individual mice received increasing doses of total body irradiation, from
500 rads to 1500 rads, using a '¥Cs y-irradiator (Gammacell 1000, Nordion
International Inc., Kanata, Ont.). Five days after irradiation, mice were sacrificed
and kidneys were harvested.

The bone marrow crigin of the renal cells expressing the truncated TCR «
mRNA was tested by classical bone marrow reconstitution experiments. Bone
marrow cells were obtained by flushing femurs of normal mice with RPMI 1640
medium (Gibco BRL). Mice received total body y-irradiation at dose of 1100 rads
immediately after which they received bone marrow cells (23x10° i.v. in 0.1 ml of
RPMI 1640 per mice) or no cells. Kidneys and spleens were harvested ten days

after irradiatiori-reconstitution.

IMMUNOPEROXIDASE STAINING
The technique for immunoperoxidase staining of cryostat sections has been
previously reported (173). Staining with anti-Thy-1.2 mAb and anti-CD3 mAb was

used to asses infiltration of renal parenchyma by mature T cells.

iN SITU HYBRIDIZATION
Cryostat sections of kidneys (5 ) were kept at -20°C until use. The cDNA

probe was labelled to about 0.5 x 10° ¢.p.m. /ug specific activity by nick translation,
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with *°S labelled dCTP and dATP. Prehybridization and hybridization conditions and

post-hybridization washes were performed as described by Gnann et al (193). The
slides were incubated in NTB-2 emulsion (Kodak) at 4°C for 6 days, developed,
and counter-stained with haematoxylin and eosin. Eight sections of each tissue on
four different slides were evaluated. The TCR Ca probe was omitted from the

hybridization mix on half of the slides, which served as negative controls.

RNASE PROTECTION ASSAY

RNase protection assays were performed according to an standard
procedure (194). Twenty five ug of total RNA were used for each sample. A 450
bp fragment of the TCR « C region cloned into EcoRI-BamH! sites of pBluescrigt®
Il KS + (Stratagene Cloning Systems, La Jolla, CA) was used to make antiserise
and sense single strand RNA probes from the T7 or the T3 promoters respectively.
The TCR o C fragment was obtained by two-sided polymerase chain reaction
(PCR) of total kidney RNA, was fully sequenced, and confirmed that it contained
a correctly spliced TCR a C region, from the 5' end of exon 1 to the 5' end of
exon 4 (195). The probes were prepared from the T7 or T3 promoters using 0.5
ug of plasmid template, a-**P CTP (320 pCi), transcription buffer (40mM Tris-HCI
pH 8.0, 8mM MgCl,, 2mM spermidine, 50mM NaCl), 10mM dithiothreitol, 40 U of
RNasin®, 1mM of ribonucleotides, and 10 U of T7 or T3 RNA polymerase. After
incubation for 30 min at 37°C, RNase-free DNase (10 U) was added and incubated

at 37°C for 30 min. After incubation, 2 ul of 10 mg/ml tRNA and TE were added
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to a final volume of 50 ul, followed by a phenol-chloroform extraction and two
amonium acetate-ethanol precipitations. The peliets were finally dissolved in 100
ul of hybridization buffer (1 volume of 200 mM PIPES pH 6.4, 2M NaCl, 5mM EDTA
in 4 volumes of formamide).

Hybridization to RNA was performed at 85°C for 5 min followed bty overnight
hybridization at 44°C. After hybridization, samples were digested with RNase A (40
pg/ul) in 350 ul of digestion buffer (10mM Tris-Cl pH 7.5, 300iM NaCl, 5mM
EDTA) at 30°C for 30 min. After digestion, SDS (10 u! of 20%) and proteinase K
(2.5 ul of 20 mg/ml) were added to the samples and incubated at 37°C for 15 min.
Samples were extracted with phenol-chloroform, and ethanol precipitated in the
presence of tRNA. The peliets were resuspended in 3 ul of loading buffer (80%
formamide v/v, 1mM EDTA pH 8.0, 0.1% bromophenol blue, 0.1% xylene cyanol),
and run in a 6% polyacrylamide gel (Gibco BRL Ultrapure Marathon Gel Mix, Gibco

BRL, Gaithersburg, MD). After drying, the gel was exposed at -70°C for 4 hr.

IMMUNOPRECIPITATION

Protein isolation was performed using the technique reported by Springer
with some modifications (196). Tissue homogenates from kidney, liver, and spleen
were prepared in 1 m! of TSA solution (0.002M Tris-HCI pH 8.0 at 4°C, 0.14 M
NaCl, 0.024% Sodium Azide) using a polytron homogenizer. After pelleting and
re-homogenization in 0.5 ml of TSA, tissues were resuspended in five volumes of

TSA and an equal amount of lysis buffer (2% Triton X-100, 0.005 M lodoacetamide,
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0.001 M phenylmethylsuifonyl fluoride (PMSF)) and incubated at 4°C for 1 hour

with intermittent mixing. After incubation, samples were spun down (6000 r.p.m.
for 10 min) and supernatants were transferred into 0.2 volumes of 5% sodium
deoxycholate. After incubation on ice for 10 minutes, the samples were spun at
38000 r.p.m. for 60 minutes at 4°C, and the supernatants were collected and and
run through a double column, immunoaffinity chromatography system. The first
column (pre-column) of this system was made of cyanogen bromide-activated
Sepharose 4B beads (Pharmacia, LKB Biotechnology, Uppsala, Sweden) coated
with rabbit anti-mouse IgG (Cappel Laboratories, West Chester, Pennsylvania). The
second column, connected in series to the previous column, was made of
H28.710-coated cyanogen bromide-activated Sepharose 4B beads. Columns were
washed with 10 column-volumes of a washing buffer containing 0.01 M Tris-HClI
(pH 8.0 at 4°C), ).14 M NaCl, 0.025% sodium azide, 0.5% Triton X-100, and 0.5%
Sodium deoxycholate, followed by 5 column volumes of Tris buffer (0.05 M Tris,
0.5 M NaCl, 0.1% Triton X-100, pH 8.0), 5 column volumes of Tris buffer (pH 9.0),
5 column volumes of Triethanolamine solution (0.05 M triethanolamine, 0.1% Triton
X-100, 0.i5 M NaCl, pH 11.5), and 5 column volumes of washing buffer. After
applying tissue lysates to the columns, these were washed with washing buffer, the
pre-column was disconnected, and the immunoaffinity column was washed with
Tris buffer at increasing pHs. To elute the specific antibody-bound antigen, the
column was washed with 5 column volumes of triethanolamine solution (pH 11.5)

and fractions were collected into tubes containing 0.2 volumes of 1 M Tris-HCI (pH



57

6.7). The fractions were then concentrated 15 times, and protein determination
performed by spectrophotometry at absorbance of 750 nm. Sample aliquots were
run in a 8-12% SDS-PAGE gel (Phastsystem®, Pharmacia) and the ge! was silver
stained with 0.5% silver nitrate followed by 0.015% formaidehyde in 2.5% sodium

carbonate as a developer.

CYCLOHEXIMIDE

Cycloheximide was obtained from Sigma (Sigma Chemical Co, St. Louis,
MO), dissolved in ethanol and phosphate buffered saline (PBS) at a final
concentration of 20 mg/ml and administered i.p. as a single dose of 200 mg/kg.
Mice were sacrificed after 6 hours of cycloheximide administration and kidneys

were harvested. As contrcls, mice received the same volume of PBS.
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DETECTION OF A TRUNCATED TCR a mRNA IN MURINE KIDNEY

Northern blotting of total RNA from different murine tissues with a TCR Ca
probe showed, as expected, the presence of a complete transcript for TCR « chain
(1.7 kb) only in the spleen (Figure 6). However, we were surprised tc find that in
the kidney a 1.3-1.4 kb band was consistently detected. A similar size band but
much fainter was detected in the brain but not in liver, muscle, or heart.

No complete TCR a transcript was detected in the Kidney after 2 day
exposures. After longer exposures, a very light band for complete TCR «a transcript
could be detected in 3 out of 6 experiments. Moreover, no TCR 8 or § transcripts
were detected when the same northern blots were probed with specific probes for
these messages. Specifically, titration experiments to compare the hybridization
conditions of the TCR « and TCR g probes showed that, at similar amounts of
TCR a mRNA (complete in the spleen and truncated in the kidney), TCR g8
transcripts could always be detected in the spleen but never in the kidney (Figure
7).

These findings argue that blood contamination was not the explanation for
the detection of truncated TCR @ mRNA in the kidney because: a)in peripheral
lymphocytes, the complete TCR « transcript is the only detected TCR « transcript
or is much more abundant than the truncated mRNA when this is detected (66);
and b) the complete TCR « mRNA always correlates with the presence of TCR 8

transcripts.
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Figure 6.- Tissue distribution of complete (1.7 kb) and truncated (1.3-1.4 kb) TCR
a mMRNA. Total RNA (30 rg) extracted from different organs (pooled from 5
different mice) was run in a 1.5% agarose, 2.2M formaldehyde gel and transferred
in a nitrocellulose filter. The membrane was probed with a TCR Ca cDNA, and
exposed for 36 hours. The picture at the bottom shows the gel stained with
ethidium bromide, indicating that equal amounts of RNA were loaded in each track.

Reproduced with permission (195).
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Figure 7.~ Titration of hybridization for the TCR a and TCR g probes. Different
amounts of spleen total RNA and 30 pg of kidney total RNA were northern blotted
and probed for TCR a and TCR g, under identical conditions. Results of these

hybridizations are expressed in densitometric readings and AUC in the bottom

graph.
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THE CELLS EXPRESSING THE TRUNCATED TCR « mRNA ARE NOTTCELLS
OR NK CELLS

To localize the cell type expressing the truncated TCR « message, we
performed in situ hybridization of murine kidney cryostat sections with a TCR «
CDNA. Strongly positive cells (2 to 5 per 0.2 cm?) were detected underlying the
tubular epithelium, in the renal interstitium-subepithelial space (Figure 8).

Next, we studied the expression of the truncated TCR « mRNA in renal
cortex and medulla. Northern blots using total RNA extracted from cortex and
medulla showed that the truncated TCR @ mRNA was present in both cortex and
medulia, but was relatively more abundant in the medulla (Figure 9).

To investigate whether the cell type expressing this truncated message was
aT cell or an NK cell, we enriched renal interstitial cells according to a previously
reported method (174) which uses collagenase digestion, followed by Percoll
gradient centrifugation. This procedure is intended to deplete the final cell
suspension of glomeruli and tubule cell clumps, but a certain amount of
contamination by these cells is invariably present. Initial estimates of contamination
by tubule epithelial cells using immunoperoxidase staining for cytokeratin indicates
that epithelial cells constitute up to 15-20% in fraction <40% (see below).
Nevertheless, such fractionation permits correlations between surface markers and

relative content of specific mMRNAs.



Figure 8.~ In situ hybridization cf kidney sections for TCR Ca, showing a positive
cell in the renal interstitial space (arrow). in situ hybridization was performed using

a TCR a C region cDNA probe (see technique in text). T: renal tubule lumen.

Reproduced with permiission (195).
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Figure 8.- The cells expressing the truncated TCR @ mRNA are more abundant in
the renal medulla. Kidneys from three individual mice were harvested and, after
dissection of cortex and medulla, total RNA was extracted from each preparation,
northern blotted (30 ng), and probed for TCR « and g-actin. The graph at the
bottom shows the ratio of densitometric readings of TCR « over B-actin. (k: whole
kidney, c: renal cortex, m: renal medulla, sp!: spleen). Reproduced with permission

(195).



65

Northern blot analysis was performed from total RNA extracted from 4
different renal cell fractions obtained by Percoll gradient centrifugation (Percoli
gradients: <40%, 40-50%, 50-70%, and 70-100%). The truncated form was
present in fraction <40% (Figure 10). No transcripts for coinplete TCR «, TCR B8
or TCR & chains were detected in this fraction. In fraction 40-50% and 50-70%,
the complete form of TCR a mRNA was detected (Figure 10). Exprassion of T cell
markers (CD3 and Thy-1) and an NK cell marker (NK-1.1) was then assessed for
each fraction (Tabie ). CD3 and Thy-1 expression correlated with the presence
of complete TCR a mMRNA but not with the presence of the truncated form. For
CD3 expression, the percenteyge of pusitive cells were: 0% in fraction <40%, 4%
in fraction 40-50%, 44% in fraction 50-70%, and 0% in fraction 70-100%. No
Thy-1 expression was detected in fractions <40%, and 70-100%; 1% of cells of
fraction 40-50% and 42% of the cells in fraction 50-70% were positive for Thy-1
expression. This finding suggests that the cells expressing the truncated TCR «
mRNA are not mature T cells expressing a functional TCR/CD3 complex on the
surface (2). In addition, no sigr."icant expression of NK-1.1 was detected in
fraction <40%, suggesting that the cells expressing the truncated TCR a mRNA
are not NK cells. Northern biotting with a class il probe showed a relatively low
level of expres. .on of class Il MRNA in fraction <40% in comparison to fractions

40-50% (predominantly macrophages) and 50-70% (which contains T and B

cziis).
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Figure 10.- The truncated form of TCR a mRNA is expressed by cells contained
in Percoll fraction <40%. Renal cell suspensions enriched for interstitial cells were
fractionated through Percoll gradient centrifugatic... Total RNA (6.5 ug) was
extracted from each fraction (Percoil gradients: <40%, 40-50%, 50-70%, and 70-
100%), was northern blotted and probed for TCR o, class || MHC (1-A¥), and

B-actin using the probes reported in the text. Reproduced with permission (195).
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Further characterization of the phenotype of the cells expressing the
truncated TCR a mRNA is currently limited by the absence of techniques for
isolating pure cell suspensions from renal tissue in viable state. To date, our efforts
to obtain enough RNA after positive and negative selection of fracticn <40% with
monoclonal antibodies to study pure candidate cell popuiations have been
hampered by low cell viability. A more detailed analysis of the phenotype of the
cells isolated in each fraction is presented in Table I. However, it should be born

in mind that the cell populations in each fraction are heterogenous.

THE TRUNCATED TCR a mRNA IS EXPRESSED BY RADIOSENSITIVE CELLS
OF BONE MARROW ORIGIN IN A THYMUS-INDEPENDENT FASHION

To investigate the radiosensitivity of the cells expressing the truncated TCR
a mRNA, we exposed mice (n = 3 io 6) to whole body irradiation with ¥’ Cesium
at doses of 500, 750, 1000, 1500, and 2000 rads, and sacrificed after 5 days. Mice
receiving 2000 rads did not tolerate the procedure and very few (up to 45%)
survived after 5 days. Thus this group was not included in further experiments. As
stiown in Figure 11, the cells expressing the truncated TCR a mRNA are
radiosensitive, as shown by a dose-dependent reduction of the steady state
truncated TCR a mRNA with increasing doses of radiation, and with more than

85% reduction of this message 5 days after receiving 1500 rads.
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TABLE |

Phenotype of the different renal interstitial cell fractions

<40% 40-50% 50-70% 70-100%

Cells/Kidney 6.9+5.4 29+18 53+3.4 <0.05™
(x10°)"

Marker
Thy-1 0 1 42 0
CD3 0 4 44 0
Class Il MHC 3 8 55 0
CD45 16 22 81 0
Mac-1 7 6 3 0
NK-1.1 <1 0 0 0

Renal interstitial cells were separated by enzymatic digestion And Percoll gradient
centrifugation, after sieving of 14 tc 20 kidnuys from CBA./J mice. Five hundred
thousand cells were stained with the appropriate mAb followed by anti-rat or
anti-mouse FITC-lavelled F(ab’), fragments. For each mAb, a control group
stained only with Fi. _-labelled F(ab'), fragments was included in each fraction.
Cells were analyzed by flow cytometry. Numbers for each surface marker indicate
% of positive cells in 10,000 cells. "Mean+SD from 6 experiments. Cells were
stained with Trypan Blue and live cells were ccunted. Glomeruli and tubule cell

clumps were not counted. “Only ceils other than red blood cells were counted.
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Figur~. . 1- Effect of radiation on the expression of truncated TCR @ mRNA by renal
interstitial cells. Mice were irradiated with '¥’Cs at the indicated doses, and
sacrificed after five days. Pooled total RNA extracted from kidneys (n = 3) was
northern blotted and probed for TCR a, class Il and g,-microglobulin using the
probes noted in the text. The optical density of each band in the Northern blot was
measured and expressed as area under the curve (AUC). Staining of the gel with

ethidium bromide confirmed that similar amounts of RNA were loaded in each track.
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Parallel reduction of the levels of class il MHC mRNA in the kidneys of these

mice was observed; however, no dose-dependent decrease of B,-microglobulin
mMRNA was detected, suggesting that class | is expressed by radioresistant cells,
like epithelial cells (Figure 11). The radiosensitivity of the cells expressing the
truncated TCR @ mRNA suggested that these celis were bone marrow ~ependent.
To confirm this hypothesis, lethally irradiated mice were reconstitut=d with bone
marrow cells and the expression of the truncated TCR a« mRNA in the Kidney was
tested ten days later. As shown in Figure 12, the expression of the truncated TCR
a mRNA in the kidney is restored with bone marrow reconstitution after total body
irradiation, in contrast to the marked reduction of steady state levels for this
message in the kidney of irradiated, non-reconstituted mice. From this experiment
we conciuded ihat the celis expressing the truncated TCR « mRNA are bane
marrow dependent. This finding prompted us to test the presence of this transcript
in bone marrow. North - klots of total RNA extracted from bone marrow showed
that the truncated transcript was not expressed in the bone marrow Figure 13).
Therefore, the expression of the truncated TCR « mRNA is likely to be dependent
on the renal microenvironment because the celis express. - the *iw 7 {CR «
mMRNA are probably of bone marrow origin but do not express this transcript in the
bone marrow.

Although the fractionation experiments presented above were consistent
with the hypothesis that the cells expressing the truncated TCR o« mRNA were not

mature, conventional T cells, we decided tc: test the hypothesis that these cells
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Figure 12.- The renal cells expressing the truncated TCR a mRNA are bone
marrow-aependent. Total RNA from kidney and spleen of individual control mice,
irradited mice reconstituted with bone marrow cells, and irradiated mice not
.-2constituted was blotted and probed for TCR «. Eleven hundred rads of total
oody ifradiation was admininistered. Reconstitution was performed with i.v.
injection of syngeneic bone marrow cells (23x10° cells per mouse). Organs were
harvested 10 days after irradiation/reconstitution. The picture of the ethidium
bromide stained gel is shown at the bottom. Note that the low amount of RNA in
the spleen of the irradiated, non-reconstituted mouse is due to the marked atrophy

of the spleen after lethal irradiation.
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Figure 13.- The truncated TCP « nRNA is not detected in the bone marrow.
Northern blot of total RNA (30 ng) from bone marrow, two kidneys, and spleen of
normal (non-manipulated) CBA/J mice probed for TCR «. Ethidium bromide
staining of the gel (shown at the bottom) indicates that similar amounts of RNA

were loaded in each track. Reproduced with permission (195).
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were thymus-derived. Nude mice have only rudimentary thymuses, and virtually
no T cells when they are young. Northern blots of kidney and spleen total RNA
showed that there was littie or no complete TCR « transcript in the spleens of
nude mice but the truncated TCR a mRNA could be detected in the kidneys of
nude mice in levels similar to the normal controls (Figure 14), implying that the
presence of this message is not dependent on nermal thymic function. Because
the nude mice used for these experiments were young (8 weeks old), the resuits

could not be explained by possible peripheral T cell contamination.

THE EXPRESSION OF THE TRUNCATED TCR a mMRNA DOES NOT REQUIRE
AN INTACT RECOMBINASE ACTIVITY

Successful rearrangement of immunaoglobulin and TCR genes requires the
presence of a common, functional recombinase activity. Mice with the SCiD
mutation are severely deficient in T and B celis. This discrder has bsen attributed
to a defect in the recombinase activity, which leads to aberrant gene
rearrangements and the lack of functional Ig and TCR gene rearrangements (197).
We tested SCID mice for the expression of truncated TCR a mRNA to determine
whether the expression of this transcript was dependent on functional recombinase
activity. Northern biots of total RNA extracted from kidneys and spleens of mice
with the SCID mutation and normal controls showed that the truncated TCR «
mRNA in the kidney was not affected by the SCID mutation (Figure 15). In

contrast, the complete TCR « mRNA was virtually absent in the spleens of SCID



74

KIDNEY

2
+ 3
S -
2 2
3 3
g 3

%]
h-)
m
m
2

BALB/c nu/ +
. BALB/c nu/nu

w31

B-ACTIN

Figure 14.- The population expressing the truncated form of TCR a mRNA is
thymus-independent. Northern blot of total RNA (30 rg) from kidneys and spleens
of nude mice (BALB/c nu/nu) and normail littermates (BALB/c nu/+) probed with

TCR Ca and g-actin cDNA probes. Reproduced with permission (195).
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Figure 15.- The expression of the truncated TCR @ mRNA is not affected by the
SCID mutation. Northerri blot of total RNA (30 ug) from kidneys and spleens of
C3H mice with the SCID mutation and normal 23+ mice probed with TCR Ca and

B-actin cDNA probes. Reproduceu witii geimizoin:  U5),
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mice. We conclude that the truncated TCR a mRNA detected in murine kidney is

not due to T cell contamination, does not require a competent recombinase

activity, and is likely a germline transcript.

THE TRUNCATED TCR a mRNA CO! % =S Ca

To confirm that this band cor:esponded tc a truncated form of TCR «
MRNA, the following experiments we:r . performed. First, the same northern blots
were hybridized with a terminally-radiolabelled 24 oligonucleotide probe
complementary to the first exon of Ca. Although ‘e degree of cross-hybridization
of this synthetic cligonucleotide to the 28S ribosomal RNA is considerable, the
results showed the same banding pattern for the complete and truncated TCR «
MRBNAs as the one detected with the TCR Ca probe (Figure 16). From this
experiment we concluded that the band detected by northern blotting most likely
contained a Ca segment. Second, we tried to amplify the Ca region from total
RNA extracted from kidney with sense and antisense primers specific for the 5’
ends of the first and the fourth exons, respectively. The expected size of the
fragment flanked by these two primers is 450 nucleotides, considering only the
exon sequences. Amplification using PCR showed, in addition to the expected 450
nucleotide fragment, the presence of at least three bands of about 220, 600, and
700 nucleotides from kidney total RNA (Figure 17). Similar bands were detected
after amplification of spleen total RNA. We failed to amplify TCR Ca mRNA from

liver total RNA, suggesting that these results were likely not due to ampilification of
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Figure 16.- Northern biot of total RNA from different organs of normal mice probed
with a synthetic oligonucleotide complementary to the TCR « C region (5' end of
the first exon). The sequence of this oligonucleotide is 5'-
GAGGGTGCTGTCCTGAGACCGAGG-3'). Hybridization conditions are specified in

the Material and Methods chapter.
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Figure 17.- Ampilification of TCR Ca mRNA by PCR. One hundred ng of total RNA
extracted from spleen and kidney were used for amplification with 40 cycles of
PCR (denaturation, annealing, and extension temperatures are specified in the
text). The amplified products were run in a 1% agarose gel and stained with
ethidium bromide. Specificity of these products was confirmed by Southern blotting

using a TCR Ca cDNA probe (data not shown). Reproduced with permission (195).
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RNA from circulating T lymphocytes. Third, we sequenced the 450 bp amplified

product from total kidney RNA. The sequence obtained from two clones containing
this fragment confirmed that it was the product of correctly spliced Ca1, Ca2, Ca3
and Ca4 exons of Ce, flanked by the primers used for amplification (Figure 18).
In addition, the same truncated TCR a transcript could be detected in kidney and

brain when northern blots were probed with this fragment.

THE TRUNCATED TCR a mMRNA CONTAINS A CORRECTLY SPLICED TCR «
C REGION

From the previous experiments we concluded that normal mouse kidney
expresses a truncated TCR « mRNA that it is no: associated with expression of
other TCR genes, is radiosensitive, thymus-independent and recombinase
activity-independent. Although the specificity of the transcript was strongly
supported by probing northern blots with specific TCR « oligonucleoctides,
amplification of the TCR « C region from murine kidney with two-sided PCR,
cloning of these amplified products, and sequencing, in order to fully establish that
the transcript expressed in the kidney contained the TCR a C region, we
performed an RNase protection assay using RNA from kidneys and spleens of
nude and scid mice. In these animal, we had shown that the expression of
complete TCR a mRNA is severely diminished or abolished and, in the kidney, the
truncated transcript is practically the only expressed. Therefore, any protected

fragment in the kidney of these mice comes from the expression of truncated TCR
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+1 +44
K31 C ATC CAG AAC CCA GAA CCT GCT GTG TAC CAG TTA AAA GAT CCT
Ca C ATC CAG AAC CCA GAA CCT GCT GTG TAC CAG TTA AAA GAT CCT

+45 +89
CGG TCT CAG GAC AGC ACC CTC TGC CTG TTC ACC GAC TTT GAC TCC
CGG TCT CAG GAC AGC ACC CTC TGC CTG TTC ACC GAC TTT GAC TCC

+90 +134
CAA ATC AAT GTG CCG AAA ACC ATG GAA TCT GGA ACn TTC ATC ACT
CAA ATC AAT GTG CCG AAA ACC ATG GAA TCT GGA ACG TTC ATC ACT

+135 +179
GAC AAA ACT GTG CTG GAC ATG AAA GCT ATG GAT TCC AAG AGC AAT
GAC AAA ACT GTG CTG GAC ATG AAA GCT ATG GAT TCC AAG AGC AAT

+180 +224
GGG GCC ATT GCC TGG AGC AAC CAG ACA AGC TTC ACC TGC CAA GAT
GGG GCC ATT GCC TGG AGC AAC CAG ACA AGC TTC ACC TGC CAA GAT

+225 +269
ATC TTC AAA GAG ACC AAC GCC ACC TAC CCC AGT TCA SAC GTT CCC
ATC TTC AAA GAG ACC AAC GCC ACC TAC CCC AGT TCA GAC GTT CCC

+270 +314
TGT GAT GCC ACG TTG ACC GAG AAA AGC TTT GAA ACA GAT ATG AAC
TGT GAT GCC ACG TTG ACC GAG AAA AGC TTT GAA ACA GAT ATG AAC

+315 +359
CTA AAC TTT CAA AAC CTG TCA GTT ATG GGA CTC CGA ATC CTC CTG

CTA AAC TTT CAA AAC CTG TCA GTT ATG GGA CTC CGA ATC CTC CTG

+360 +404
CTG AAA GTA GCG GGA TTT AAC CTG CTC ATG ACG CTG AGG CTG TGG
CTG AAA GTA GCG GGA TTT AAC CTG CTC ATG ACG CTG AGG CTG TGG

+405 +449
TCC AGT TGA GGT CTG CAA GAC TGA CAG AGC CTG ACT TCC AAG TTC

TCC AGT TGA GGT CTG CAA GAC TGA CAG AGC CTG ACT TCC AAG TTC

+450

CcG

cG
Figure 18.- Sequence of the products obtained after PCR amplification of kidney
total RNA with specific TCR « C region oligoprimers. After PCR, amplified products
were cloned into the Smal site of pUC 19 and sequenced by the dideoxy method
(see text). The sequence of one of the clones (K31) is compared with the
sequence of the TCR a C region (Ca) from references 183 and 186. The
underlined bases are the sequence of the oligoprimers used for amplification. The
bases in bold indicate the splicing donor and acceptor sites of the TCR a C exons.
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Figure 13.- RNase protection assay of total kidney and spleen RNA from normal,
nude, and scid mice. The antisense, single-strand probe resulted from T7-directed
transcription producing a 534 nt band up to the EcoRli site. The single-strand
probe resulting from transcription directed by the T3 promoter up to the BamHi site
corresponds to a 536 nt band which was sense to the TCR a C strand and did not
hybridize with any message in the RNA samples. Molecular weight markers are
shown on the right. Note the presence of a 450 bp protected band in the kidneys
of normal, nude, and scid mice, and in the spleen of normal mice. The TCRa lane
shows protection of the TCR a C region cDNA probe with the TCR a C region

transcript.
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a MRNA and not from the complete TCR a mRNA.

As shown in Figure 19, the antisense, single-strand RNA probe protected
a fragment of approximately 450 nt in the kidney of nude and scid mice as well as
in kidney and spleen of normal mice. However, in the spleen of nude and scid
mice, the amount of protected fragment was almost non-existent. The size of this
protected fragment is consistent with the 450 nt TCR « C sequence of the probe.
The band in the T7 and T3 is around 535 nt as the RNA probe also contains a
portion of the polycloning site resulting from the space between the promoter and
the starting nt of the TCR « fragment.

Different attempts to characterize the 5’ end of the truncated TCR « mRNA
have thus far been unsuccessful. These include anchored PCR (198), construction
of cDNA libraries from total kidney RNA as well as poly-A* RNA, and direct RNA
sequenéing. On the basis of these negative results, we hypothesized that the TCR
a C region could have the ability to form multiple secondary structures which
would minimize the efficiency of cDNA synthesis, resulting in a lack of
representation of this transcript in the cDNA libraries. Close analysis of the TCR «
C region shows that, as suggested, there are at least two major potential
secondary structures with 70 to 80% base pair complementarity (including
non-Watson and Crick bp). These secondary structures are located 4 bases
downstream of the beginning of the TCR a C region and 210 bases downstream

of the TCR a C region (Figure 20).
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Figure 20.- Two potential secondary structures can be formed in the TCR a C
region. The sequence of the TCR a C region was analyzed for potential internal

secondary structures. Watson-Crick and non-Watson-Crick base pairing were

considered.
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THE TRUNCATED TCR « mRNA IS POLYADENYLATED AND CAN BE

DETECTED IN THE CYTOPLASMIC FRACTION

Next, we studied the processing pathway of the truncated TCR a mRNA.
From the data presented above, we already concluded that this transcript was
correctly spliced. The next two steps in processing of RNA before translation are
polyadenylation and cytoplasmic transport.

In order to test whether the truncated TCR « mRNA was polyadenylated,
poly-A* RNA was isolated through oligo-(dT)-cellulose column and northern
blotted. As shown in Figure 21, the truncated TCR « mRNA was highly enriched
in the poly-A* fraction of RNA, being detectable in significant amounts in as low
as 1.6 ug of poly-A™ RNA.

Next, we tested if the truncated TCR « mRNA could be detected in the
cytoplasm. After modification of a technique for isolating cytoplasmic RNA from
solid organs (see Material and Methods), repeated experiments showed that the
truncated TCR a mRNA could be detected in the cytoplasmic fraction of RNA
(Figure 22).

The evidence indicating that the truncated TCR a« mRNA followed a normal

processing pathway strongly supported the hypothesis that this transcript could

be translated into a protein.

DETECTION OF A TRUNCATED TCR a PROTEIN IN NORMAL KIDNEY

To demonstrate that the truncated TCR a« mRNA was translated in to a
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Figure 21.- The truncated TCR o mRNA is polyadenylated. Northern biot of total
and poly-A* RNA from normal kidneys and spleen probed for TCR a. Poly-A* RNA

was extracted from total RNA by oligo-dT cellulose column chromatography.
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Figure 22.- The truncated TCR « mRNA can be detected in the cytoplasm. Total
and cytoplasmic RNA were isolated (see Material and Methods), northern blotted,

and probed for TCR a. The results of two different experiments are shown.
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protein, we used a mADb that is directed against an epitope of the TCR a chain and

only recognizes this epitope when the TCR «a chain is not associated with CD3

molecules (160).

Using this mAb for immunoprecipitation and SDS-PAGE 1indcr reducing
conditions, we were able to detect the expected 45 kd band corresponding to
complete TCR a chain only in the spleen. In addition, a band of about 30 kd was
detected in spleen and kidney, but not in liver (Figure 23). A lower band of about
26 kd was also detected in spleen and kidney samples but its size is compatible
with the size of light chains and may be the result of light chains of the mAb eluted
with the protein. Although this resuit is not conclusive, the 30 kd band is

compatible with the expected size of a J-C transcript (see Appendix). However, it

should be noted that the non-glycosylated TCR a chain is of similar size.

THE EFFECT OF CYCLOHEXIMIDE ON THE EXPRESSION OF TRUNCATED
TCR a mRNA IN THE KIDNEY

It has been reported recently that the expression of a protein resulting from
reading frame 2 of a partially rearranged D-J H chain genes of Ig ontrols Ig H
chain gene rearrangement by stopping V to DJ rearrangement (199). This event
requires the transmembrane expression of the protein, as transgenic mice for a
soluble form of the protein do not go through this regulatory mechanism. Based
on this result, we hypothesized that the expression of the truncated TCR a protein

could be involved in stopping rearrangement of TCR « gene in the kidney. To test
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Figure 23.- Immunoprecipitation of complete and truncated TCR a polypeptides
with mAb anti-TCR «. Tissue homogenates from kidney, spleen, and iiver were
applied to an immunoaffinity column coated with anti-TCR a mAb (+28.710).
Antigens were eluted and run in an SDS-PAGE 8-12% gel under reducirg
conditions. The gel was silver staining. Note the 45 kd band present only in the
spleen which corresponds to the complete TCR « chain. In addition, two bands in
the range of 26 to 30 kd were detected in kidney and spleen homogenates (the
lower band of about 26 kd in spleen and kidney samples may correspond to

eluted light chains from the Ab column; see text).
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kidney sham kidney CHX

Figure 24.- Effects of in vivo administration of cycloheximide on the expression of
truncated TCR @ mRNA in normal mouse kidney. Cycloheximide (200 mg/Kg) or
PBS were administered i.p. and mice were sacrificed six hours later. Total RNA
from kidneys was extracted, northern blotted, and probed for TCR a. The numbers

"1, 2, 3” indicate three different mice for each treatment group.
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this hypothesis we blocked translation of the truncated TCR « mRNA in vivo by
administering cycloheximide.

Six hours after administration of cycloheximide, normal mouse kidneys
express truncated TCR « mRNA in slightly lower amounts than in control mouse
kidneys. However, in cycloheximide-treated mice, a 1.7 kb band consistently
appears at much higher levels that the truncated TCR a mRNA (Figure 24). The
size of this band is compatible with the size of complete TCR « mRNA. However,
the appearance of this transcript is not associated with appearance of TCR g
mRNA {by northern blotting) or with histological evidence of T cell infiltration in the
kidney, as indicated by the lack of CD3" or Thy-17 infiltrating cells in kidney
sections. As cycloheximide increases transcription of TCR 8 genes but not of TCR
a genes (140), we believe that the appearance of the 1.7 kb mRNA is the result of
TCR a gene rearrangement. Confirmation of this hypothesis will require studies of
TCR a DNA rearrangement in pure cell populations after CHX treatment. The
possibility of alternative effects of cycloheximide on TCR a mRNA half life are

considered in the discussion section.
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SUMMARY OF RESULTS

The results presented in this thesis indicate that among the cell populations
of mouse kidney there is invariably a population characterized by relatively
abundant expression of a truncated form of TCR « mRNA. The truncated TCR «
transcript is not associated with detectable transcription of other TCR genes or with
expression of CD3 or Thy-1, arguing that this cell population is not a mature T cell
prpulation and does not express functional TCR. This transcript is enriched in the
Percoli fraction containing large interstitial celis and is more abundant in the renal
medulla. Expression of the truncated TCR a mRNA is abolished by radiation and
restored by bone marrow reconstitution indicating that the transcript is expressed
in marrow-dependent cells. However, such cells are not thymus-dependent,
because the truncated TCR @ mRNA is expressed in nude mice. In addition, the
expression of the truncated TCR « mRNA is not affected by the scid mutation.
Together, these results demonstrate that the truncated TCR « transcript is
expressed by non-T cells of probabie bone marrow origin. However, the transcript
is not expressed in the bone marrow, implying that expression of this transcript is
dependent on the renal environment.

Analysis of the molecular biology of the transcript indicates that tﬁe
transcript contains a correctly spliced TCR a C region, with conservation of the
exon coding for the transmembrane domain. In addition, the transcript is
polyadenylated, and can be detected in preparations of cytoplasmic RNA.

Together, these results show that the truncated TCR o mRNA is normally
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processed and is likely to be translatable. Immunoprecipitation experiments using

a mAb against an epitope of the TCR a C region are compatible with the
hypothesis that the truncated transcript is translated ir..0 a protein of molecular
weight around 30 kd, in contrast to the complete, functional TCR « chain whose
molecular weight is 45 kd.

Our results indicate that expression of the truncated TCR a mRNA in normal
Kidney is affected by the administration of cycloheximide. Administration of
cycloheximide is associated with slight decrease of truncated TCR ¢ mRNA steady
state levels and, more significantly, with the appearance of a 1.7 kd band whose
size is consistent with the size of complete TCR a mRNA. The presence of this
larger band hybridizing with the TCR a probe in the kidney after cycloheximide
administration is not associated with expression of other TCR genes or with any
histological evidence of T cell infiltration. Our interpretation of this result is that
cycloheximide inhibits the translation of the truncated TCR « mRNA and that,
blocking the expression of the resulting protein may result in full rearrangement of
the TCR «a gene. Further work is needed to demonstrate this hypothesis is true.

The significance of these results will be discussed from two different
perspectives. First, the findings reported in this thesis will be discussed in the
context of the truncated TCR a mRNA as an indicator of a particular set of renal
interstitial cells. Second, we will discuss the potential function of the truncated TCR

a MRNA, and, in particuiar, its role in TCR a gene rearrangement.
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THE TRUNCATED TCR « mRNA AS AN INDICATOR OF A PARTICULAR

RENAL INTERSTITIAL CELL POPULATION

The expression of TCR genes is predominantly T cell specific (3, 16, 18, 19,
40, 41, 86, 99). However, transcripts from TCR « genes in germ line configuration
or from unsuccessfully rearranged genes are detected during T lymphocyte
development in the thymus as well as in B lymphocytes and some CD3 positive
cell lines with NK activity (40, 86).

Two main possibilities should be discussed when considering the cellular
origin of the truncated TCR « mRNA. The cells expressing the truncated TCR «
mRNA may be blood cells contaminating the RNA preparations from normal mouse
kidney. Alternatively, the cells expressing the truncated TCR « mRNA may be
resident cells in the kidney.

The role of T celis from the blood contaminating the kidney preparations is
excluded by the lack of detectable TCR B8 or & mRNA and by the absence of
complete TCR a message in northern blots from kidneys, as these findings are
constant in PBL (66). In addition, the presence of these cells in athymic mice, their
low buoyant density, and the lack of concomitant expression of Thy-1 and CD3,
all argue that these cells are not T cells, either from blood contamination or
resident in the kidney.

The possibility that the cells expressing the truncated TCR « mRNA couid
be large granular lymphocytes (LGL) must be given serious consideration. This

would imply that murine kidney contains a relatively constant population of LGL
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cells, and that LGL cells are present in the kidney in relatively high number in

comparison to other organs (200). However, to my knowledge, no study has
reported the presence of such LGL component in murine kidney. Large numbers
of LGLs in the kidney would probably have been noted on electron microscopy
because of their distinctive granules, although the presence of granules could be
dependent on the state of differentiation. Several other considerations argue that
these cells are not LGLs. First, in those cases in which a truncated TCR a mRNA
of similar size to the one reported in this paper has been documented in cell lines
with NK activity, this transcript has always been associated with CD3 expression
(40). The finding that only NK cell lines which express CD3 molecules have
germline TCR a« mRNAs while those that are CD3 do not express the TCR « gene
(40) implies that these cell lines are, in fact, T cell lines with NK activity. However,
some of these lines could be of NK origin because it has recently been shown that
some NK cells express CD3 { as part of the CD16 surface molecule (17, 201).
Second, most studies have only found truncated transcripts for g8 and § genes, not
for TCR a genes (202-205). Nevertheless, the possibility that the truncated TCR «
mRNA positive cells are functionally related to the NK or LGL lineage cannot be
excluded at present.

Based on the arguments presented above, the most likely origin for the
truncated TCR a mRNA is a resident renal cell population. Furthermore, cell
fractionation and in situ hybridization experiments suggest that the truncated TCR

a MRNA is expressed by a subset of resident renal interstitial cells which are more
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abundant in the meduila.

The renal interstitium is a dynamic component of the Kidney, with resident
cells and a complex extracellular matrix embracing fibrillar structures and ground
substance which includes proteoglycans, glycoproteins, and interstitial fluid (2086).
Despite the importance of the interstitium as a critical regulatory element of renal
function in health and disease (207), the characterization of renal interstitial ceils
is still incomplete. Most of our knowledge about resident cell populations in the
renal interstitum comes from immunohistochemistry and electron microscopy
studies (206). Since 1973, cells in the renal interstitium are classified in four
different types: fibroblast-ike cells, lipid-laden celis, pericytes, and
macrophage-dendritic cells (208). Certain differences between these four types of
cells have been reported according to the location of the cells in cortex or medulla
(209, 210).

Apart from the macrophage-dendritic cell population of probabie bone
marrow origin, the other populations of interstitial cells are the fibroblast-like cells
and the lipid-laden cells derive from the metanephrogenic mesenctyme (211). The
differentiation of this component into interstitial cells is a default process and is
regulated by the tips of the developing ureter. These induce the conversion of the
mesenchymal stem cells into epithelial celis. Cells that arg not induced by the
ureteric tips become interstitial cells. Based on the current evidence, it is highly
unlikely that the non-bone marrow derived component of the interstitium is

responsible for the expression of the truncated TCR « transcript. In particular, the
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radiosensitivity of the cells expressing this mRNA is not consistent wiih a non-bone
marrow derived component, as it is thought that this component is radioresistant.

The sensitivity to irradiation and the reconstitution with syngeneic bone
marrow transplantation after irradiation are the two primordial features of the bone
marrow derived component of the renal interstitium (212). In addition, the surface
expression of molecules such as class I MHC molecules or LFA molecules,
consistently detected in the renal interstitium, supports a bone marrow origin (213,
214). The pattern of expression of the truncated TCR a mRNA in normal mouse
kidney is compatible with these characteristics, implying that the cells expressing
the tiuncated TCR a« mRNA are bone marrow derived.

From the data presented in this thesis, the most likely candidate for the
cellular origin of the truncated TCR a« mMRNA is the interstitial dendritic cell.
Dendritic cells were first described in spleen on the basis of their branching
appearance, high class Il MHC expression, and potent antigen-presenting ability
(215, 216). The Langerhans cells of the skin are probably closely related (217).
Subsequently, dendritic cells have been identified in high numbers in
thymus~dependent areas of lymphoid organs, and in most non-lymphoid organs
(217, 218). In the kidney, dendritic cells have been consistently defined by their
expression of class Il MHC molecules using anti-class i immunostaining (212,
219-222). This definition is very limited because previous studies on dendritic cells
in other organs (217, 223) as well as in the kidney (222) have shown that dendritic

cells may be highly heterogeneous on the basis of surface markers. Such
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heterogeneity in phenotype may be the result of different stages of maturation,
different phases of cell activation, location, or lineage of the interstitial cells (223).
However, this heterogeneity may also be secondary to technical biases in the
preparation of dendritic cell suspensions. isolation of dendritic cells from
non-lymphoid organs is still a technical challenge because of the difficuities of
achieving viable cell preparations with high degree of purity. This difficulty is
common to isolation procedures for epidermis Langerhans cells and dendritic cells
from heart, lung, liver, and gut (216). This problem has been circumvented by the
use of different criteria in the isolation procedure such as low buoyant density or
lack of adherence to tissue culture surfaces (216). Therefore, the procedure itself
may be selecting particular subsets of interstitial cells with particular functional
characteristics.

The large renal interstitial cells expressing the truncated TCR « transcript
have some similarities to dendritic cells such as their low buoyant density, and their
radiosensitivity (212, 217, 224). However, the lack of a pure renal interstitial cell
suspension precludes at the present time a more detailed analysis of cther
similarities between the cells expressing the truncated TCR @ mRNA and the
interstitial dendritic cells. In the kidney, the presence of different types of epithelial
cells and their higher number in comparison to interstitial cells makes isolation of
interstitial cells even more difficult than in other organs (see above) and is
responsible for the lack of isolation procedures for renal interstitial dendritic cells.

The isolation procedure developed in this thesis has not achieved a high degree
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of purity for the fraction in which the truncated TCR a mRNA is detected. However,

the phenotypic pattern detected in the fraction in which the truncated TCR «
transcript is detected is also compatible with a dendritic cell lineage as
macrophage-dendritic cells express CD45, Mac-1, and class Il MHC molecules
(216, 217, 224). Nevertheless, it is surprising that class I| MHC expression in the
truncated TCR a mRNA-~rich fraction of renal interstitial cells was relatively low,
whereas renal dendritic cells should be class Il positive. Pending the development
of a technique for purifying the cells expressing the truncated TCR « mRNA and
determining their level of class |l expression, our tentative conclusion is that these
cells may belong to the dendritic cell type which does not express high levels of
class I MHC molecules. In addition, if these cells are dendritic cells, then the
finding of the truncated TCR a mRNA in the brain is unexpected because dendritic
cells have not been detected in the brain (212).

The expression of a truncated TCR ¢ mRNA may iead to the definition of a
novel type of interstitial cell found predominantly in the kidney. Compared to
lymphoid and blood cell populations, the marrow-derived interstitial cells in the
kidney and other epithelial organs remain poorly characterized, due mainly to a
lack of definitive isolation and culture procedures. Its selectivity for kidney and
brain could reflect selective localization, or selective differentiation due to factors
in the renal environment. As these cells are bone marrow derived, then it is likely
that the expression of the truncated TCR a« mRNA in these cells is dependent upon

interaction with the renal microenvironment.
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An intriguing aspect of the finding of cells expressing a truncated TCR «a
mRNA in the kidney and brain is precisely their location. The data presented in this
thesis does not provide any hint to address this point. However, it should be taken
into consideration that the kidney is a major lymphoid organ in fishes and
amphibians, and, in amphibians, the kidney seems to be the source of T and B
lymphoid precursors, prior to the liver (225). Although the role of the kidney in
lymphopoiesis disappears in the phylogenetic scale, it is possible that such
function is still retainec by birds (225). Therefore it is possible that the expression
of the truncated TCR = mRNA in mouse kidney is a phylogenetic residue, indicative
of a restricted cell population of primitive function. This hypothesis would be
consistent with our finding that, despite the predominantly T cell-restricted
expression of TCR genes, the cells expressing the truncated TCR @ mRNA in the
Kidney are not thymus-dependent. Whether these cells conserve their original
function in the mouse kidney or have developed an entirely new role remains
unknown.

The hypothesis that the cells expressing the truncated TCR a« mRNA
represent a phylogenetic residue from primitive lymphopoiesis in the kidney is not
satisfactory to explain the expression of the truncated TCR « transcript in the brain.
However, some ‘lymphoid’ surface molecules such as Ly-6 and Thy-1 are
expressed in the kidney and in the brain of mice and rats respectively (226). The
relevance of this phenomenon is at present unknown.

While the significance of the cell population expressing the truncated TCR
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a MRBRNA is unknown, several possibilities must be considered. If these cells are a

peculiar type of dendritic cells, then a role in Ag processing and presentation
seems possible (218). However, if by virtue of the expression of the TCR « gene,
they represent immature stages of lymrhocyte development, then it is possible
that, under certain circumstances, the, nay further differentiate (227), with the
resulting rearrangement of TCR genes and production of certain cytokines, as is
known for dendritic epidermal cells (228).

Based on the pattern of lymphoid-specific expression of TCR genes, the
truncated TCR « mMRNA may indicate that a population of renal cells has been
committed to the early stages of T cell ontogeny, as it has previously been
suggested for the truncated TCR vy transcript found in skin dendritic cells of nude
mice (228). This explanation does not contradict the central role of the thymus in
determining the T cell-specific pattern of expression of TCR genes. However,
rearrangement and expression of TCR genes has been documented in in vitro
athymic models of differentiation (230), implying that the programmed sequence
of TCR gene rearrargernent and expression is primarily determined in the stem cell
stage, while the thymic environment is critical in determining the progression of T
cell differentiation and acquisition of function (231). Some additional evidence
supports the existence of an extra-thymic pathway of T cell development: for
example, the finding of increasing numbers of T cells in old mice carrying the nude
mutation (232). However, we have no indication that the renal cells expressing the

truncated TCR a mRNA are in any sense a precursor of T celis.
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POSSIBLE FUNCTIONS OF THE TRUNCATED TCR a mRNA AND/OR
PRODUCT

The presence of two different mRNA species for TCR a in thymocytes, T cell
lines, and PBL has been known since the cloning of the TCR a gene (183, 233,
234). The size of the resuiting two bands are 1.8 and 1.3 kb. In PBL, the amount
of complete TCR a mRNA is always much higher than tr.e amount of truncated
TCR a mRNA (66).

The initial interpretation of the finding of a shorter TCR « mMRNA was that the
TCR a locus would have D gene segments and that, by analogy with the two
different transcripts observed for TCR g (14), the shorter transcript could be the
result of a DJ rearrangement. However, no D region has so far been demonstrated
for the TCR a locus (3).

Cloning of the shorter TCR « transcripts allowed for a better definition of
these transcripts. Analysis of 19 cDNA clones from thymocyte cDNA library
hybridizing with a TCR a probe showed that four of them did not contain Ve
sequences. These clones were probably representative of the truncated TCR «
mRNA. Sequence analysis of the shorter TCR a mRNAs showed that they were
heterogenous in sequence. Some of the truncated TCR « transcripts were germiine
J-C transcripts (40), probably resulting from a promoter located 5° to the particular
Ja gene. Others contained TCR a C region with 5 sequences that were not

similar to each other or to intronic sequences flanking the C a regicn (234), and
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could be the result of aberrant splicing events. Whether the heterogeneity of

sequences observed for the truncated TCR « mRNA is specific to the thymus or
is @ more general feature of this transcript in other stages of T cell differentiation
is not known. However, Ig V,, germline transcripts are highly homologous (235),
although the transcription starting site is heterogeneous (95, 97, 146, 236, 237).

From the data presented in this thesis, we do not know whether the
truncated TCR a mRNA detected in murine kidney is a germline transcript
containing only JC regions or is the result of unsuccessful VJ rearrangements.
However, several findings imply that this transcript is, in fact, a germline transcript.
First, the size of the transcript is identical to the truncated transcript found in
thymocytes. Second, the presence of the transcript is not affected by the scid
mutation. Although the scid mutation does not affect the initiation of V(D)J
recombination, only D§-J§ rearrangement attempts are seen in lymphocytes, and
the TCR «, TCR g, and TCR v loci remain in germiine configuration (238, 239). A
more definitive proof of the germline nature of the transcript may come from the
cloning of the transcript itself and from testing its presence in RAG-1 or RAG-2
knock-out mice (79, 80).

The function of germiline transcripts of TCR genesin T lymphocytes has not
been investigated in detail. However, it is known that a low level of transcription
from unrearranged V genes and from J-C regions of Ig (87) and TCR (88) occurs
in B and T cells, respectively, prior to the rearrangement process and closely

correlates in time with future rearrangements. Specifically, in B cell differentiation,
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the appearance of germiing transcripts precedes the occurrence of gene
rearrangement and Ig H chain class switching (91). Therefore, the association of
germline transcripts with gene rearrangement has lead to different hypothesis of
the role of these transcripts in gene recombination. Five potential functions of
germline TCR transcripts will be discussed here: a) the germline transcripts may
not have any function; b) the germiine transcripts could have a positive regulatory
role in TCR gene rearrangement; ¢) the germline transcripts may code for proteins
which are involved in control of TCR gene rearrangement in a positive way; d) the
germline TCR transcripts or the resuiting proteins may play a role in preventing or
negatively controling TCR gene rearrangement; and e) the germline TCR
transcripts may have other functions unrelated to gene rearrangement. Except for
the first possibility, the other three are not mutually exclusive and may apply to
different germline transcripts.

The gerr jine TCR transcripts may have no function. They may be the result

of open conformation of the chromatin to make it accessibie to the transcriptional
machinery and the recombinase activity required for gene rearrangement or for any
transcriptional activity in nearby regions {72, 99). Along the lines of these model,
the truncated TCR « mRNA may be the result of ‘junk’ transcription initiated
because of the opening of the chromatin in the region of chromosome 14, where
the TCR a/é locus is located, and required for transcription of relevant genes for
kidney function. However, the consistent association of germline transcripts with

recombination events in other cell types, the consistent expression of the truncated
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TCR a mRNA in different mouse strains, and the consicerable processing nf the

transcript support the idea that the truncated TCR a transcript or its product may

play a role in gene rearrangement.

The qermline transcripts may have a positive function in__gene

rearrangement. However, the mechanism by which these transcripts might regulate
the recombination process and class switching is not clear. Studies on germ line
transcripts for the Ig @ H chain gene in a B cell lymphoma showed that the
transcription starting site is relatively conserved, although not homogenous,
suggesting that the transcript itself or its product may promote class switching
(97). The transcript itself may result from a restricted opening of the chromatin and
its expression may be necessary for a more spread opening of the chromatin and
the induction of rearrangement by formation of intra-molecular triple strands with
the switch or RSS regions of DNA (240). Therefore, the germline transcript would
direct the recombinase activity through the formation of a particular structure on
the DNA. However, some experimental data does not support %iiis conclusion for
the truncated TCR a mRNA and some Ig germline transcripts. First, no
phenomenon comparable to Ig class switching has been regorted for TCR genes
yet. Second, it is relatively surprising that the truncated TCR « mRNA or other ig
germline transcripts (235) have to go through full processing and transport to the
cytoplasm if their function is to promote gene rearrangement through the formation
of particular molecular structures with the DNA. Third, recent experiments show

that binding of an antisense phosphorothioate oligonucleotide to the | exon of the
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lg y2b does not inhibit the expression of germline transcripts but rather increases
the expression of these transcripts and inhibits Ig secretion (241). Therefore, the
truncated TCR a mRNA in mouse kidney may represent a failed attempt to
rearrange the TCR o« gene in the cells expressing this transcript rather than
promoting TCR a gene rearrangement.

A third possibility is that the transcript could be translated into a protein

which would have a positive function in_gene rearrangement. Evidence in favour

of this model comes from the demonstration that germline transcripts from Iig
genes, and more recently from TCR « V genes, have open reading frames that
code for small peptides (97, 98). For the TCR « V germline transcripts, its has
been preliminarily shown that, in the thymus, transcripts for the Va3 and Va8
subfamily members have conservation of coding regions and 3’ flanking regions.
Examination of the predicted aa sequences of the open reading frame of one of
the Va3 germline transcripts revealed the presence of striking homology with metal
binding domains in proteins. ! contrast, the open reading frames of some Va8
germiine transcripts terminated with a motif involved in prenylation of the protein
product (which involves the addition of lipid residues in post-translational
modification) (98). None of these motifs has a known role in gene rearrangement.
Therefore, these proteins may have currently unknown roles in gene
rearrangement or some additional functions unrelated to the recombination
process.

One distinctive feature of the truncated TCR « inRNA expressed in normal
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mouse kidney is that its expression is not associated with future rearrangements
of the TCR a gene, at least under physiological circumstances, or with detectable
expression of other TCR genes. This is in contrast to the presence of germline
transcripts in T and B cell precursors. If the previous models proposing a role of
the germline transcripts in the progression of gene rearrangement are correct, then
it is not clear why TCR a gene rearrangement is stopped in the renal interstitial
cells expressing the truncated TCR « mRNA. Because transcription of rearranged
TCR genes requires full enhancer activity, the arrest in the pre-rearrangement
stage of TCR gene transcription may be due to the lack of factor/s necessary for
full enhancer activity and subsequent successful rearrangement (101, 107). The
absence of similar transcripts for the TCR 8 gene could be explained by different
mechanisms of control for the TCR « and B genes, as suggested in previous
reports (139-141).

Alternatively, the function of the truncated TCR o mRNA in the kidney may

be to control TCR o gene rearrangement in_a negative manner rather than in a

positive manner. A negative role of germline transcripts on gene rearrangement
and cell maturation has been reported recently (199). it relates to the role of Du
protein in B cell differentiation. Mature B cells have a preferentiai usage of reading
frame one in the D-J junction of Ig ¢ H chain. The use of this particular reading
frame is not predominant during early stages, in particular in pre-B cells in which
truncated DJ-C transcripts for the Ig ¢ H chain are present. Analysis of clones

expressing these transcripts and using reading frarme three shows, however, that
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this reading frame has muiltiple stop codons in its sequence, leading to termination
of translation. However, when clones using reading frame two were analyzed, it
was shown that this reading frame is an open reading frame which codes for a
protein, known as Dy protein. From these findings, Gu et al suggested that the
expression of the Dp protein had a role in controling Ig H chain gene
rearrangement. In particular, the expression of the Du protein in pre-B cells would
be associated with arresting B cell differentiation by stopping full rearrangement of
the Ig H chain locus. To test the hypothesis that the function of the Du protein
requires its surface expression, they produced mice transgenic for the Dp protein
with a disruption of the membrane exon of the Cu gene. In these mice, the
preferential usage of D-J reading frame one in mature B cells was not observed,
indicating that the membrane-bound Du protein plays a role in the regulation of B
celi development by stopping the maturation of pre-B cells expressing Du protein.

The current data on the truncated TCR « mRNA expressed in normal mouse
kidney is compatible with the model proposed by Gu et al. The truncated TCR «
mRNA is never associated with expression of complete TCR « mRNA or with
expression of TCR g8 mRNA. The transcript is translated into a protein. On the
basis of partial sequence of the truncated TCR « mRNA, the resulting truncated
TCR « protein contains an intact transmembrane domain. Finally, preliminary
experiments show that in vivo administration of cycloheximide, attempting to block
tranclation of the truncated TCR a mRNA, correlates with expression of complete

TCR a mRNA. Although the effects of in vivo administration of cycloheximide may
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be multiple, acting at different levels of regulation of gene expression, no effect of
cycloheximide on TCR a gene transcription has so far been demonstrated. In vitro,
cycloheximide induces an increase in the steady state levels of functional TCR «
mMRNA but current evidence indicates that this increase is secondary to nuclear or
cytoplasmic post-transcriptional events (140).

The truncated TCR o mRNA in the kidney may have other functions not

related to control of TCR o« gene rearrangement, as already mentioned above (98).

One possible function could be the use of the truncated TCR a« mRNA as a
substrate for trans-splicing with functional TCR « transcripts like it has been
already reported for Ig germline transcripts (242, 243). This possibility is unlikely
in the case of the truncated TCR @ mRNA in normal mouse kidney as no evidence
for expression of complete TCR transcripts in this organ has been obtained.
Another possible functicn for the truncated TCR « mRNA and/or protein could be
local immunoregulation. Recently, some evidence has been reported on the
potential role of the TCR « chain in regulation of the immune response, specifically,
as an Ag-binding factor (244-250). The Ag-specific binding activity correlates with
expression of a complete TCR «a chain, but not with expression of TCR 8 chain,
as blocking translation of TCR @ mRNA with an specific antisense oligonucleotide
abolishes Ag binding (245), and reconstitution of TCR™ variants of T cell
hybridomas with TCR a cDNA but not with TCR g cDNA restores Ag-binding
activity (250). A soluble form of TCR a chain is also active as an Ag-binding factor

(249). However, it is not clear how the TCR a chain is released from the cell as
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there is no evidence of alternative splicing for the TCR @ mRNA and the constructs
used in reconstitution experiments contained intact transmembrane domains (250).
The possibility that the trur ated TCR a mRNA expressed in the kidney has a
function related to suppressor immunoregulatory activity is unlikely. The
immunoregulatory activity reported for the TCR « chain is related to expression of
a complete TCR « chain and on its expression of T cells, two characteristics that

are not met by the truncated TCR « mRNA.

A HYPOTHESIS FOR THE FUNCTION OF THE TRUNCATED TCR a« mRNA
EXPRESSED IN MOUSE KIDNEY

On the basis of the data presented thus far, our hypothesis on the
significance and function of the truncated TCR @ mRNA in normal mouse kidney
is that this transcript is indicative of the presence of a pre-lymphoid cell population
in the kidney, probably representing a residue from phylegeny. The truncated TCR
a MRNA leads to the expression of a truncated TCR a protein on the surface of
these particular renal cells. The expression of this protein is responsible for
preventing rearrangement of the TCR a gene in these cells. How this may be
accomplished is not clear, considering that this hypothetical function is targeted at
the nucieus and the truncated TCR « protein is likely a transmembrane protein. It
may be that the engagement of a hvpothetical ligand to this molecule is required
for negative signalling from the truncated TCR a protein to prevent TCR « gene

rearrangement. Alternatively, the presence of the hypothetical ligand and its
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engagement with the truncated TCR a protein under certain circumstances may

lead to TCR a gene rearrangement.

FUTURE PERSPECTIVES

The resuits presented in this thesis open multiple avenues to future research
because several aspects of the expression of a truncated TCR ~ mRNA in normal
mouse kidney need still to be explored.

In my opinion, the first major step should be the cloning of the whole
truncated TCR @« mRNA and the verification by RNase protection assay that the
clone is representative of the majority of TCR « transcripts in mouse kidney. The
information that this would provide is essential to clarify the nature of the transcript.
Two main possible results could be expected. It may be that the transcript is a
germline transcript, starting in the intron 5' to the beginning of the TCR a C gene.
On the other hand, it could be that the truncated TCR a mRNA is the resuit of
abnormal rearrangements involving one or more J genes and/or abnormal splicing
within the J-C intron.

if the truncated TCR @ mRNA is a germline transcript, then it would be very
interesting to define the regulation of its transcription and, in particular, the
presence of cryptic promoters in the vicinity of the transcription starting site. The
nature of cryptic promoters remains a totally unexplored area in regulation of gene

expression.

if the truncated TCR a mRNA is an abnormally spliced transcript, effort
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could be concentrated in the mapping and study of the role of secondary splicing
signals.

Once the truncated TCR @ mRNA has been fully cloned, experiments can
be designed to explore the function of the transcript, including transfection studies
as well as homologous recombination studies, either in mature T cellsorin T cell
precursors.

The second majcr avenue in the future development of this project should
concenirate in the isolation, purification, and characterization of the cells
expressing the truncated TCR « mRNA, and ideally in the establishment of long
term culture conditions. The availability of cell cultures would facilitate future studies
regarding the analysis of the function of the transcript as well as the differentiation
potential. However, the possibility of an isolation procedure for the cells expressing
the transcript would also be of great interest for studies of the differentiation
potential of these cells in vivo, with the hypothesis that the cells expressing the
truncated TCR @ mRNA may be able to undergo further differentiation along the
T cell lineage, establishing a model of extrathymic development of T cells. A
parallel approach could be the use of retrovirus-infected haematopoietic stem cells
with the truncated TCR a mRNA inserted in the retroviral vector. This approach has
been shown to be useful to achieve long-term expression of a TCR gene in a
lymphoid-specific manner (251). In this particular model, it would be of interest to
test the expression of TCR genes in the kidney, and, if this is the case, the

potential interactions of the TCR chains being produced in the renal interstitium.
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CHAPTER FIVE:

CONCLUSIONS
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The results presented in this thesis demonstrate that:

Normal mouse kidney expresses a truncated TCR « mRNA of 1.3-1.4 kb
which is not associated with expression of complete TCR a mRNA (1.7 kb)
or to expression of other TCR genes (B8 or §).

The truncated TCR a mRNA contains a correctly spliced Ca region as
indicated by TCR a C region oligonucleotide probing, PCR amplification of
the Ca region from kidney total RNA, sequencing of and hybridization with
the amplified products, and RNase protection assay.

The truncated TCR @ mRNA is expressed by large renal interstitial cells that
are more abundant in the renal medulla and are not mature T cells (in that
they are large, low buoyant density cells which isolate in a fraction with no
detectable expression of complete TCR «, TCR 8, CD3 and Thy-1) or NK
cells (because they do not express the NK cell marker NK-1.1).

The expression of the truncated TCR a mRNA is radiosensitive in a dose
dependent manner, and can be restored after reconstitution with bone
marrow cells indicating that the cells expressing this transcript are bone
marrow dependent. However, the transcript is not expressed in the adult
bone marrow, implying that the expression of the truncated TCR a mRNA
is dependent upon interaction with the renal microenvironment.

The expression of the truncated TCR a mRNA is not thymus-dependent and
does not require a functional recombinase activity as the levels of the

transcript in the kidney are not affected by the nude or the scid mutations.
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The truncated TCR « mRNA is normally processed, being correctly spliced
at the TCR «a C region, polyadenylated, and exported to the cytoplasm.

Immunoaffinity precipitation suggests that the truncated TCR « mRNA is
translated into a ~30 kd protein that, on the basis of conservation of the
transmembrane domain of the Ca gene, may be a transmembrane protein.
In vivo administration of cycloheximide is associated with the appearance
of a 1.7 kd band which hybridizes with a TCR « probe in the kidney and
slight decrease of the levels of truncated TCR a mRNA, without any
evidence of renal T cell infiltration as indicated with immunohistochemistry
and northern blotting. The size of the 1.7 kd band is compatible with the
size of a complete TCR « transcript. This result suggests that blocking of
translation of the truncated TCR a mRNA correlates with rearrangement of

the TCR a gene.
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APPENDIX [:

CHARACTERIZATION OF THE 5 END OF THE TRUNCATED TCR « mRNA
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Since the completion of this thesis, and as it was stated in the "Future

Perspectives” Section, a major effort has been focused on the characterization of
the 5* end of the truncated TCR @ mRNA. The difficulties encountered in this task
were attributed to the ability of the C region of the truncated TCR « transcript to
form at least two secondary structures. These structures would minimize the
efficiency of reverse transcription by stopping the reverse transcriptase.
Considering that the transcript is expressed in the kidney in lower amounts than
in lymphoid organs, the low efficiency of the reverse transcription reaction would
lead to a poor representation of the truncated TCR « transcript in cDNA libraries.
Based on this argument, we decided to approach the problem using anchored
PCR.

The technique of anchored PCR was originally described to characterize the
repertoire of the TCR § chain in human PBL (198). The technique involves reverse
transcription of the target sequence followed by the separation of the cDNA from
oligoprimers, tailing of the cDNA with d{G), and amplification of the cDNA with an
specific oligoprimer and an anchor-poly-C primer. Although the technique has been
used for characterization of the 5° end of other genes, the consistency and
efficiency of the technique, as originally described, is variable depending, among
other fac'crs, on the target RNA. One possible explanation for the lack of
consistency of the technique could be the need to eliminate all the oligoprimers
before the tailing step to avoid tailing of the primer itself (J.F. Elliott, personal

communication). To circumvent this problem, a modification of the technique has
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been recently reported (J. Kriangkum and J.F. Elliott, manuscript in preparation).
Instead of removing the oligoprimer molecules before tailing with spermidine
precipitation (which leads to a removal of around 95% of them), separation of the
cDNA is performed by column chromatography. This cleaning step is more efficient
for cleaning out oligoprimers.

Anchored PCR was performed using 25 pg of kidney total RNA from
DBA/2J mice. Total RNA was reverse transcribed using oligo(dT),s as primer (1
1Q; Boehringer Mannheim GmBH Canada Ltd.) in a 100 ul reaction containing 125
U of avian myeloblastosis virus reverse transcriptase (Boehringer Mannheim GmBH
Canada Ltd.), 1 mM of each deoxynuclectide and 10 ul of 324pP-dCTP (100 uCi),
6 U of placenta RNase inhibitor (RNasin® ribonuclease inhibitor, Promega
Corporation, Madison, Wl), and PCR buffer (50mM KCI, 20mM Tris pH 8.4, 2.5mM
MgCl,, 0.1 mg/ml nuclease-free bovine serum albumin, and 1mM dithiothreitol
(DTT)). The reaction was incubated at 42°C for S0 minutes. After reverse
transcription, the reaction was run through an ASM (Pharmacia) 4x300mm glass
column which had been washed and packed with 0.1X TE. One drop fractions (25
ul) were collected and radioactivity was counted. The fractions (five to six)
preceding the peak of radioactivity (usually appearing after 1 to 1.2 ml) were
pooled and dried in a Speed-Vac. The peliet was resuspended in a 20 ul tailing
reaction with Terminal Deoxynucleotidyl Transferase (15U; Gibco BRL), dGTP (0.5
mM), and tailing buffer (100 mM potassium cacodylate pH 7.2, 2 mM CoCl,, 0.2

mM DTT). Tailing was performed at 37°C for 30 minutes, after which the enzyme
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was inactivated at 70°C for 5 minutes and the volume brought up to 100 ul with

water. Five ul aliquots were taken and successively diluted at 1/5, 1 /25, 1/125,
1/625, 1/3125, 1/15625, 1/78125, and 1/390625. These samples were then
amplified in a 50 ul reaction containing Taq DNA polymerase (1 U) (Gibco BRL),
sequence-specific sense and antisense oligonucleotides (1 M), and PCR buffer
to achieve the final concentrations mentioned above. The primers used for
amplification were: antisense primer complementary to 18 bases located 38 bases
downstream of the beginning of the TCR a« C region (5'-
TCCTGAGACCGAGGATCT- 3’), and sense primer containing an anchor with an
internal Notl site plus 13 dCTP (5'-CTATCTAGAGAGCTCGCGGCCG(C), 5-3'). PCR
was performed at the following temperatures: denaturation at 92°C for 1 minute,
annealing at 50°C for 1 minute, and extension at 72°C for 1 minute. Amplification
was carried for 35 cycles. To increase the amount of amplified products for
cloning, a five ui aliquot of previously amplified samples were re-amplified for 35
cycles under the same conditions. Amplified products were run in a 2% agarose
gel in TBE, and bands above the size of 50 nt long (to avoid cloning of primers
and primer dimers) were cut from the gel, "gene-cleaned" with the GeneClean 1 Kit
(Bio 101 Inc., La Jolla, CA). Amplified products were blunt ended in a 50 ui
reaction containing deoxynucleotides (0.25 mM each), bovine serum albumin (500
ng/ul), DTT (0.1 mM), Tris-HCI (pt 7.5, 50 mM), MgCl, (10 mM), and Klenow
fragment (4 U), at 37°C for 15 minutes. The reaction was terminated at 72°C for

5 minutes. Samples were then subjected to Notl digestion at 37°C for 1 hr after
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addition of NaCl (100 mM) and Notl (30 U, Gibco BRL). After digestion, samples

were "gene-cleaned” and eluted in 10 pl of water. The amplified products were
ligated to pBluescript KS - (Stratagene) at molar ratio of 5:1 with T4 DNA ligase (2
U; Gibco BRL) and 5X T4 DNA ligase buffer (0.25 M Tris-HCI pH 7.6, 50 mM
MgCl,, S mM ATP, 5§ mM DTT, 25% (w/v) polyethylene glycol-8000; Gibco BRL)
at 16°C for 2-18 hrs. Seven ul of the ligation reaction were used to transform TB1
E. colicompetent cells. Transformed cells were plated in agar plates and incubated
at 37°C overnight. Clones were transferred to riylen membranes for screening.

Screening of plated bacteria for positive clones was performed using a
single strand 43 nt probe complementary to the 5’ region of the TCR « C region,
upstream of the location of the antisense primer (5'-CGAGGATCTTTTAACTGGTA-
CACAGCAGGTTCTGGGTTCTGGA-3'). Hybridization was carried out at 42°C
overnight in formamide, with no dextran sulfate (see details in the Material and
Methods Section). Filters were washed once in 2X SSC, 0.1% SDS at room
temperature, once in 1X SSC, 0.1% SDS at 55°C and, if required, once with 0.2X
SSC, 0.1% SDS at 55°C. Although the probe overlaps nine bases with the
antisense primer used for anchored PCR, under these washing conditions binding
of the probe correlates with the presence of the whole TCR a C region upstream
of the antisense primer.

Using anchored PCR, eight independent clones were obtained on the basis
of hybridization with an internal TCR a C oligonucleotide 43 nt long. These clones

were sequenced by the dideoxy method using a dsDNA Cycle Sequencing System
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(Gibco BRL)(Figure 25). One of the clones (KTT106) contained the TCR « C region

flanked by the TCR « C oligoprimer and the poly-C anchor. Five other clones
(KPT19, KPT31, KPT40, KPT42, KTS2) contained TCR « C region plus different
lengths of a sequence, that after search in Gene Bank, showed to be Ja 11.2. Four
of these five clones, extended bases beyond the end of Ja11.2. The upstream
bases corresponded to germiine DNA 5’ to the Ja11.2 exon, with only a
discrepancy in one G base, and inciuded the heptamer RSS plus spacer. The other
two clones (KPT17, KT105) contained two sequences that, at present time, have
not been checked with GeneBank sequences and are of unknown origin.

Based on the predominance of independent clones containing the Ja11.2
region (71% of clones extending upstream of the TCR a C region) and on the
finding of germline sequences on four of these clones, we Lelieve that the
truncated TCR a mRNA is the result of transcription starting upstream of Ja11.2
gene. The transcript is correctly spliced with the TCR « C region. In addition,
preliminary data using RNase protection assay with one of the Ja11.2 clones using
total RNA from kidney and spleen of scid and normal mice indicates that Ja11.2
is the predominant if not the exclusive component of the 5’ end of the truncated
TCR o mRNA. However, further screening is currently under way to exclude the
possibility of heterogeneity of the 5’ end of the truncated TCR « mRNA.

Thus far, analysis of the sequence upstream of the TCR a C region
indicates that the transcript may be an open reading frame that may encode for

a protein of about 30 kd. Further support for this hypothesis comes from the fact



gJall.2 TGACTAAGAAAC ACT GTGG..eceteececesccnnns .o

Jall.?2 GGG ACT GGA GGC TAT AAA GTG GTC TTT
KPT19 GGACTAAGAAAC ACT GTG GGG ACT GGA GGC TAT AAA GTG GTC TTT
KPT31 AAC ACT GTG GGG ACT GGA GGC TAT AAA GTG GTC TTT
KPT40 AAC AnT nTn GGG ACT GGA GGC TAT AAA GTn GTC TTT
KPT42 nG GTC TTT
KpPT92 AC ACT GTG GGG ACT GGA GGC TAT nAA GTn GTC TTT
KPT17 AAn CAA AAG CnA GCn GCA GCC TGT nTG
Jall.2 GGA AGT GGG ACT CGA TTG CTG GTA AGC CCT G**
KPT19 GGA AGT GGG ACT nGA TTG CTG GTA AGC CCT GAC ATC
KPT31 GGA AGT GGG ACT CGA TTG CTG GTA AGC CCT GAC ATC
KPT40 GGA AGT GGG ACT CGA TTG CTG GTA AGC CCT GaC ATC
KPT42 GGA AGT GGG ACT CGA TTG CTG GTA AGC CCT GAC ATC
KPT92 GGA AGT GGG ACT CGA TTG CTG GTA AGC CCT GAC ATC
KPT17 TnG ATG GAA AGC TAC AGC CCT GAA GTT CCG GAC ATC
KTT106 AC ATC
KT105 TC TTT CCC ATC
KPT19 CAG AAC CCA GAA CCT GCT GTG TAC CAG TTA AAA GAT
KPT31 CAG AAC CCA GAA CCT GCT GTG TAC CAG TTA AAA GAT
KPT40 CAG AAC CCA GAA CCT GCT GTG TAC CAG TTA AAA GAT
KPT42 CAG AAC CCA GAA CCT GCT GTG TAC CAG TTA AAA GAT
KpT92 CAG AAC CCA GAA CCT GCT GTG TAC CAG TTA AAA GAT
KPT17 CAG AAC CCA GAA CCT GCT GTG TAC CAG TTA AAA GAT
KTT106 CAG AAC CCA GAA CCT GCT GTG TAC CAG TTA AAA GAT
KT105 CAG AAC CCA GAA CCT GCT GTG TAC CAG TTA AAA GAT
KPT19 CCT CGG TCT CAG GA

KPT31 CCT CGG TCT CAG GA

KPT40 CCT CGG TCT CAG GA

KPT42 CCT CGG TCT CAG GA

KpPT9o2 CCT CGG TCT CAG GA

KpPT17 CCT CGG TCT CAG GA

KTT106 CCT CGG TCT CAG GA

KT105 CCT CGG TCT CAG GA

Figure 25.- Sequence of the 5’ end of the truncated TCR « mRNA. cDNA obtained
after reverse transcription of total kidney RNA was amplified by anchored PCR.
Amplified products were then cloned and sequenced by the dideoxy method.
Sequence of the germline DNA upstream of Ja11.2 (gJa11.2) and of the coding region

of Ja11.2 (Ja11.2) are shown for comparison. ** show the begining of the Ca region.
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inat e germiline DNA sequence upstream of the Ja11.2 gene shows the Lresence

of an ATG codon 46 bases upstream in framie with the sequence obtained thus far,

Confirmation of the open reading frame may come after cloning of longer cDNAs.



