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BTB-kelch proteins are putative components of E3 ligases with a BTB domain at

the N terminus and several kelch repeats at the C terminus. KLHL6 and mKELCH are

two members of this family. Conditional ablation of Klhl6 in B cells resulted in mild

developmental phenotypes in bone marrow precursors. The number of peripheral B cells

was decreased by half, and responded defectively in germinal center formation after antigen

stimulations. mKELCH is a novel protein cloned from hearts. Knocked-in LacZ expressed

predominantly at muscles and several photosensitive organs.

TAK1 is a member of MAPKKK. Deletion of TAK1 prevented the maturation of

CD4+ or CD8+ single positive thymocytes, leading to reduction of T cells in peripheral

tissues. Thymocytes lacking TAK1 failed to activate NF-κB and JNK, and were prone to

apoptosis upon stimulation. All three mouse models have provided important evidences in

elucidating biological functions for each protein in vivo.
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chapter one
Introduction to BTB-kelch Proteins

BTB-kelch proteins usually have one BTB domain at the N terminus and several

kelch repeats at the C terminus. They are present at genomes from viruses, plants, fungi to

mammals. Among metazoan animals, BTB-kelch proteins represent the major expansion

of the kelch-repeat superfamily. 70% (50/71) of the human kelch-repeat proteins have one

BTB domain at the N-terminus [74]. Lztr-1 is an exception which has kelch repeats at the

N-terminus and two BTB domains at the C-terminus [64]. A recent bioinformatic study

identified an additional sequence conservation between both terminal domains, the BACK

domain [99]. 53 out of 55 BTB-kelch proteins in the human genome preserve this sequence

motif between the N-terminal BTB domain and the C-terminal kelch repeats. Although

BTB-kelch proteins represent a major protein family among metazoan animals, biological

functions for most of such proteins have remained undefined.

BTB Domain

Identification and Structure

The BTB domain was first identified in Drosophila [128]. All of the three founder

genes, BR-C, ttk, and bab are involved in Drosophila development. The conserved sequences

are around 115 amino acids in length. Some zinc-finger transcription factors carry the

BTB domain as well [7]. The crystal structure of the BTB domain from promyelocytic

leukemia zinc finger protein revealed a tightly intertwined dimer (Figure 1.1). Around

one-fourth of the monomer surface was involved in intermolecular contact, suggesting an

obligate homodimer configuration.

19
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Molecular Function

Part of the structure of Skp1 protein is very similar to BTB domain [90]. Skp1 is

involved in the assembly of SCF E3 complex, which ligates ubiquitin to specific substrates

for proteasome-dependent degradation. In 2003, several groups independently provided

evidence that BTB domain is an adaptor for cullin-3-based E3 ligase [38, 39, 73, 122]. BTB

domain combines the function of Skp1 and F box proteins in cullin-1-based E3 ligases [see

review 72]. Recently some physiological substrates for BTB-based E3 complex have been

revealed [24, 51, 117, 125]. Interestingly, at least in one case BTB domain directly links to

E1 instead of cullin proteins in mediating ubiquitin ligation [3].

BACK Domain

This intervening domain between the N-terminal BTB domain and the C-

terminal kelch repeats was identified through bioinformatic studies [99]. Most of the BTB-

kelch proteins in the human genome preserve this sequence motif. Although there are no

structural data for functional predictions, the BACK domain in Keap1 is responsible for

sensing carcinogens and oxidants with several sulfhydryl groups at this region [29]. In

addition, cullin-based ubiquitin ligation might need BACK domain as a scaffold to align

the activated ubiquitin and a protein substrate.

Kelch Domain

Identification and Structure

Kelch motif was found in Drosophila as a sixfold tandem element [78]. Structurally

it belongs to the β-propeller superfamily [see review 1]. Usually kelch motif repeats itself

6 to 8 times to form a bowl-shaped propeller (Figure 1.2). Each blade of the propeller has

4 anti-parallel β strands. A propeller has three potential interacting surfaces: the top, the
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bottom, and the circumference. Between blades are various loops. Two structures of kelch

repeats have been solved. One is galactose oxidase from Hypomyces rosellus (PDB 1GOF),

and the other is the kelch domain from Keap1 (PDB 1U6D). For galactose oxidase, the

substrate lies upon the top surface. Instead, the Keap1 kelch domain interacts with the

Nrf2 substrate at a loop near the bottom surface. An intriguing feature of the Keap1 kelch

domain is the strong positive charge surface near the bottom (Figure 1.3).

Molecular Function

As might be expected from the huge number of kelch-repeat proteins in the genomes,

a lot of cellular functions are related to this family [see review 1]. In brief, they affect

cytoskeleton organization, gene expression, and even human diseases; their subcellular lo-

calizations also span from extracellular space, cytoplasm, to nuclei.

Enzymes

Galactose oxidase uses the top surface of the kelch propeller as a catalytic surface

to oxidize primary alcohols to aldehydes [62]. In Arabidopsis and Plasmodium falciparum

kelch repeats function as phosphatases [53, 63]. However, there have been no evidence for

enzymatic functions in kelch-repeat proteins of higher animals.

Novel Gβ Subunits

Two groups have independently found kelch-repeat proteins as novel Gβ mimics

to Gpa2 in yeasts [9, 43]. Gpa2 used to be an orphan Gα protein without known Gβ or

Gγ partners. These groups provided both functional and biochemical evidences that kelch-

repeat proteins can be a bona fide Gβ protein. Interestingly Gβ proteins usually carry a

WD40 domain, which also belongs to the β-propeller superfamily. So far there has been no

evidence that higher animals use kelch-repeat proteins as Gβ mimics.

Substrate Adaptor for Proteasome

Structurally the BTB domain resembles Skp1-F-box in cullin-1-based E3 ligases

[90]. Functionally the BTB domain interacts with cullin-3 [38, 39, 73, 122]. Compared
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to the configurations of cullin-1-based E3 complexes, the C-terminal kelch repeats could

function as a substrate catcher for cullin-3-based ubiquitin ligases. Indeed, Keap1 is an

example of BTB-kelch proteins which mediates proteasome-dependent degradation through

cullin-3-based complexes [24, 51, 125].

Examples of BTB-kelch Proteins

Kelch

Kelch is the prototype protein in kelch-repeat family [78]. In Drosophila, kelch

mutants are sterile because of impaired cytoplasm transport from nurse cells to oocytes.

Kelch colocalizes with actin, and functions as an organizer for ring canal assembly during

oogenesis. In mutants assembly of ring canals are defective and cytoplasm transport is thus

compromised between oocytes and nursing cells.

Keap1

Keap1 was identified through yeast two hybrids as a cytoplasmic repressor for Nrf2

[49]. Nrf2 is an essential transcription factor in response to oxidants. Under normal con-

ditions, Nrf2 is constantly degraded. Under stressed conditions, Nrf2 translocates to the

nucleus and turns on detoxifying genes. Keap1 plays a critical role in this regulation.

Recent evidence has shown that this regulation depends on Keap1-cullin-3-based E3 com-

plexes [24, 51, 125]. Several sulfhydryl groups at BACK domain of Keap1 were proposed

to be the direct sensor for oxidants [29]. Knockout animals of Keap1 have phenotypes from

constitutive Nrf2 activation with resultant postnatal lethality [113].

Gigaxonin

Gigaxonin is the pathogenic gene for giant axonal neuropathy [11]. Patients suffer

from symptoms both at the central and the peripheral nervous systems. The main pathol-

ogy is generalized disorganization of cytoskeletal intermediate filaments. Several potential
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substrates for proteasome-dependent degradation have been identified, including the light

chain of microtubule-associated protein 1B, tubulin folding cofactor B, and microtubule-

associated protein 8 [3, 28, 117]. However, none of these substrates have been shown to

depend on cullin-3 for ubiquitin ligations.

Discussion

Substrate specificity

Gigaxonin seems able to recognize many cytoskeleton-related proteins for degrada-

tion [3, 28, 117]. It is known that β-transducin repeats-containing proteins (β-TrCP) also

recognizes several phosphorylated targets for proteasome-dependent degradation [see review

128]. The recognized motif for β-TrCP includes DSP GΨXSP , where SP stands for phospho-

serine, Ψ stands for a hydrophobic residue, and X represents any amino acids. Keap1-Nrf2

interaction depends on a short essential motif ETGE [52]. It would be intriguing to investi-

gate the phosphorylation status of the threonine residue in ETGE motif. All of these facts

imply the motif-based recognition for proteasome substrates. Because the motif sequences

are not long, potential redundancy among BTB-kelch proteins could be expected.

BTB Domain Revisited

It is known BTB domains from some transcription factors can form heterodimers

[7]. However, it is not known if this interaction can occur among BTB-kelch proteins.

If heterodimers did exist among BTB-kelch proteins, the functional relationship between

kelch-mediated protein targets would be intriguing. In addition to dimerization, the BTB

domain is involved in Golgi localization in the case of Lztr-1 [64]. It is not known if N-

terminal BTB domains could have similar functions.
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Kelch Domain Revisited

BTB-kelch proteins can be divided into groups based on kelch repeat alignments

[99]. It is not known if there are any functional significance for these divisions. One group

has an Arginine in the beginning of each kelch repeat. Potentially these Arginine residues

could form a positive electrostatic surface for the kelch propeller. It is interesting to note

that Gβ1 has instead a negative electrostatic charge on the Gα-facing surface [114]. The

significance of these findings deserve more detailed investigations.
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Figures

All figures were rendered with PyMOL [26].

Figure 1.1 Ribbon diagram of BTB domain

BTB domain from promyelocytic leukemia zinc finger protein (PDB 1BUO) is shown in
ribbon rendering. One monomer is colored red and the other is green.

Figure 1.2 Ribbon diagrams of kelch domain

(A) Top view of Keap1 kelch domain, which has 6 blades in the β-propeller. (B) Side view
of Keap1 kelch domain. The loop (arrow) near the bottom surface is the interacting motif
to Nrf2.
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Figure 1.3 Electrostatic potential of kelch domain

(A) Top view of electrostatic potential of Keap1 kelch domain. Red is negative charge, and
blue is positive charge. (B) Bottom view of electrostatic potential of Keap1 kelch domain.
Be aware of strong positive charge surface around the bottom hole.



chapter two
KLHL6

Introduction

KLHL6 is a BTB-kelch protein, isolated by virtue of its expression in embryonic but

not adult endothelial cells. By subtraction hybridization between cDNAs from E15.5 embry-

onic and adult endothelial cells, Klhl6 was cloned from mouse spleen lambda ZAP II library

(Stratagene). In adult mice, instead, we detected high levels of expression in hematopoietic

and lymphoid organs. The same gene was recently shown to be highly expressed in sheep

Peyer’s patch and human tonsil B cells [41]. Based on this specific expression pattern in

adult mice, it has been suggested that KLHL6 might be involved in B-cell functions, notably

the germinal center reaction [41]. Indeed B cells from Klhl6 conventional knockout mice had

defects in response to antigen stimulation both in vivo and in vitro (J. Kroll). To further

analyze if Klhl6-null phenotypes are B-cell autonomous or not, we took a genetic approach

to conditionally knockout Klhl6 in B cells. We found that all phenotypes from bone marrow

precursors till lymph node B cells were reproducible in B-cell specific knockout mice. These

included impaired upregulation of CD21 expression among bone marrow immature cells,

reduced numbers of peripheral B cells, and compromised germinal center formation after

antigen challenge. Biochemical studies also showed lower calcium mobilization and CD69

surface expression after anti-IgM stimulation. It seemed the threshold for BCR signaling

was elevated in KLHL6-null B cells.

Materials and Methods

27



28

Generation of Floxed Klhl6 mice

The bacterial artificial chromosome (BAC) genomic clone for the Klhl6 gene was ob-

tained from Research Genetics and the targeting vector was constructed as shown in Figure

2.3. Briefly, the first exon of Klhl6 was replaced by a fragment containing a floxed first exon

followed by an Flp recombination target-flanked PGK::neo cassette. The PGK::neo cassette

was later removed by crossing chimera to hACTB::FLPe.9205 mice [79]. Electroporation,

embryonic stem (ES) cell culture, and Southern blot screening were performed as previously

described [102]. Some neo-free floxed mice were crossed to CAG::Cre mice to make ∆ alleles

[86]. Mice were genotyped by PCR using the following primer pairs: cctgtgcaggaaatccgttc

and aagggtccttccaagctcctc (for the wild type and the floxed alleles; the former is 140 bp, and

the latter is 217 bp); cctgtgcaggaaatccgttc and gcgggcctcttcgctattac (for the LacZ allele);

cctgtgcaggaaatccgttc and cagcaaacaaatcagactgagc (for the ∆ allele). The PCR conditions

were: 94◦C for 30 seconds; 58◦C for 30 seconds; and 72◦C for 1 minute; 35 cycles.

Genetic Background and Age of the Mice

The mice were studied on CD1 and 129/svEms-+Ter?/J mixed backgrounds. The

studies were conducted with adult mice at 6 to 10 weeks of age raised at the animal center

of University of Southwestern Medical Center at Dallas.

Flow Cytometry

Splenocytes or lymph node cells were isolated by mechanically dissociating mouse

spleens through 100µm nylon mesh (BD Bioscience) in the FACS staining buffer (5% fe-

tal bovine serum in phosphate-buffered saline). Bone marrow cells were collected from

femurs and tibias. Antibodies against B220 (RA3-6B2), CD21 (7G6), BP-1 (6C3), CD24

(M1/69), CD43 (S7), CD23 (B3B4), CD40, CXCR5, CD69, GL7 and immunoglobulin M

(IgM) (II/41) coupled to allophycocyanin, phycoerythrin, fluorescein isothiocyanate, or bi-

otin as appropriate were from BD Bioscience. Streptavidin coupled to peridinin chlorophyll

protein (BD Bioscience) was used as the secondary reagent. At least half million total cells

were analyzed for each experiment. Cells were stained on ice in FACS buffer for 15 minutes

and washed once before analyzing or adding the secondary reagent. In the latter case, cells
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were stained for another 15 minutes on ice followed by another washing step. Cells were

detected by FACSCalibur or FACScan (Becton Dickinson) flow cytometers and analyzed

using CellQuest software.

Footpad Assay

Ovalbumin (50µg in 50µl PBS) with 50µl complete Freund’s adjuvant was injected

in one hind footpad of each mouse. The other footpad was injected with PBS with complete

Freund’s adjuvant as a negative control. Mice were anesthetized 10 days after the injection,

and perfused with 4% paraformaldehyde-PBS. Popliteal lymph nodes were dissected, fixed

for 4 hours at 4◦C in 4% paraformaldehyde-PBS, incubated overnight in 18% sucrose at

4◦C, and embedded in OCT. Sections (8µm) were blocked in 3% bovine serum albumin-

PBS in room temperature for 1 hour and incubated overnight at 4◦C with 0.1 µg/ml peanut

fluorescein isothiocyanate (FITC)-lectin (Sigma L-7381) in 3% bovine serum albumin-PBS.

This lectin staining identifies germinal center B cells in lymph nodes [15]. The stained

samples were washed, mounted in VECTASHIELD (Vector Laboratories), and examined

with an Axioplan microscope (Zeiss) equipped with fluorescence filters. Germinal center

B cells in lymph nodes were measured by staining with anti-GL7 together with anti-B220

antibodies (BD Bioscience).

RT-PCR Analysis of KLHL6 Expression

B cells were sorted at H.-R. Rodewald’s and C. Waskow’s lab according to the

cell surface markers reported by Hardy et al. [44] and by Carsetti [17]. The cDNAs were

synthesized from total RNA isolated from approximately 20,000 cells from each indicated de-

velopmental stage. The primers used for KLHL6 were 5’-AGA CCA GGA GAG TGT GCA

TGG-3’ and 5’-CGT TGA TGG CAG GAC AAA GAG-3’. The primers for glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) were obtained from Clontech. PCR was performed

at 94◦C (5 minutes), 35 cycles at 94◦C (30 seconds), 58◦C (30 seconds), 72◦C (45 seconds),

and 72◦C (10 minutes) in the end.
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CD69 Profile after Anti-IgM Stimulation

Spleens were removed from the mice and splenocytes were isolated by mechani-

cal dissociation. B cells were purified by depletion of non-B cells using the mouse B-cell

isolation kit (Miltenyi Biotec) according to the manufacturer’s protocol. The purity of

the resulting B-cell fraction (99%) was confirmed by FACS with anti-B220-phycoerythrin

and anti-IgM-FITC antibodies. Approximately 106 cells per 96-well plate were seeded in

Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum, antibiotics, and

β-mercaptoethanol. One hour later, the cells were stimulated with various concentrations of

anti-IgM. 48 hours later cells were subject to flow cytometric analysis for CD69 expression.

Assays for Intracellular Free Calcium Levels

These assays were performed by Dr. XZ. Shi in the lab. Calcium concentrations

were measured by the protocol (PP00000011) of the Alliance for Cellular Signaling (http:

//www.signaling-gateway.org). B cells isolated by a B-cell isolation kit (Miltenyi Biotec

130-090-862) were resuspended at 5 x 106 cells/ml in SIMDM (Iscove’s modified Dulbecco’s

medium supplied with 2 mM L-glutamine, 55 µM β-mercaptoethanol, 0.025% Pluronic F-

68, and 0.1 mg/ml bovine serum albumin) containing 12 µl/ml Fluo-3 (4 µM) (Molecular

Probes) and 12 µl/ml Pluronic F-127 (0.08%) (Molecular Probes). Cells were distributed

into six-well ultra-low-attachment plates (Corning) at 2 ml/well. Incubated at 37◦C and

5% CO2 for 30 min, cells were resuspended in fresh SIMDM for another 30 min, pelleted

down and resuspended in Hanks’ balanced salt solution-bovine serum albumin (Hanks’

balanced salt solution supplied with 25 mM HEPES, 1 mg/ml bovine serum albumin, pH

7.4) at 8.3 x 106 cells/ml. The final cell suspension was distributed into 96-well black-walled

plates at 90 µl/well and equilibrated in the fluorescence chamber for 5 minutes. Baseline

fluorescence was measured for 10 minutes. 10 µl of the F(ab’)2 fragment of goat anti-mouse

IgM or anti-CD19 was added to start the stimulation. The fluorescence was measured by

Fluoroskan Ascent microplate fluorometer (Thermo-Labsystems) and analyzed by Ascent

software (Thermo-Labsystems).

For measurements of intracellular calcium levels within individual cells, spleno-

cytes were washed with 10% fetal bovine serum-PBS, resuspended at 107 cells/ml in load-

http://www.signaling-gateway.org
http://www.signaling-gateway.org
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ing medium (10% fetal bovine serum-RPMI 1640), and incubated with 5 µg/ml Indo-1

AM (Molecular Probes) for 30 min at 37◦C. The cells were stained with phycoerythrin-

conjugated anti-B220 monoclonal antibody for 30 min on ice, washed with Hanks’ balanced

salt solution twice, and resuspended in loading buffer at 107 cells/ml. Calcium flux was

triggered by adding a F(ab’)2 fragment of goat anti-mouse IgM (Jackson ImmunoResearch

Laboratories) or anti-CD19 antibody (MB19-1, BD Biosciences). The calcium fluxes were

recorded in real time using a FACSVantage SE instrument (BD Biosciences) and analyzed

by FACSDiva (BD Biosciences).

Bioinformatic Analysis

Multiple alignments were calculated by ClustalW [22] and outputted as shaded

drawings by BOXSHADE (http://www.ch.embnet.org/software/BOX form.html). Pro-

tein domains were identified by Pfam protein families database [8].

Statistics

Student’s t-Tests were used for statistical analyses. Data were presented as average

± standard deviation.

Results

Discovery and Expression

Discovery

We had originally identified Klhl6 as a gene that is differentially expressed in embry-

onic but not in adult vascular endothelial cells. Sequence comparison showed that KLHL6

is a BTB-kelch protein which is highly conserved from Zebrafish to Humans (Figure 2.1.A).

http://www.ch.embnet.org/software/BOX_form.html
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It contains a BTB domain at the N terminus and six kelch repeats at the C terminus. It

also has the intervening BACK domain between both termini. The typical GG doublets are

apparent in each kelch motif (Figure 2.1.B), though the first kelch repeat was unrecognized

by Pfam protein families database [8]. In spite of specific expression of KLHL6 in embry-

onic vasculature, analysis of conventional Klhl6 knockout mice revealed apparently normal

blood vessel development and function (J. Kroll and data not shown). Others have recently

reported that KLHL6 is expressed predominantly in sheep Peyer’s patch and human tonsil

B lymphocytes [41].

Expression

To extend this analysis more systematically to various stages of B-cell ontogeny,

B-cell progenitors were purified from bone marrow of normal mice according to Hardy’s

scheme [44]. B cells develop from fraction B (B220+ CD43+ CD24+ BP-1−), via C (B220+

CD43+ CD24+ BP-1+), D (B220+ CD43− IgM−), and E (B220+ CD43− IgM+) to F

(B220highCD43− IgM+). In this order, B to E represent immature and newly generated B

cells, while cells in F represent recirculating mature B cells to the bone marrow. Reverse

transcription-PCR (RT-PCR) analysis showed similar expression of KLHL6 throughout B-

cell development (Figure 2.2). Splenic B cells were sorted into transitional 1 (T1) (B220+

HSAhigh CD21− CD23−), transitional 2 (T2) (B220+ HSAlow CD21+ CD23+), marginal

zone (Mz) (B220+ CD21+ CD23−), and follicular (Fo) (B220+ HSA−/low CD21low CD23low)

B-cell subsets [19, 59]. Again, all of these B-cell populations expressed KLHL6 (Figure 2.2).

Floxed Allele

Conventional knockout mice of Klhl6 had phenotypes of reduced B-cell numbers,

compromised proliferation after anti-IgM stimulation, and impaired germinal center for-

mation after antigen challenge in vivo (J. Kroll and data not shown). To test if these

phenotypes could be explained in a B-cell-autonomous manner, a floxed allele of Klhl6 was

engineered by homologous recombination in mouse embryonic stem cells.
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Targeting Construct

A pair of loxP sequences were inserted at the first exon before ATG and the first

intron. Following the intron loxP sequence was a FRT-flanked PGK::neo cassette, which

is removable by yeast-derived recombinase Flipase [4]. The lengths of short-arm and long-

arm for homologous recombination are 1.5 kb and 5.2 kb, respectively (Figure 2.3.A). The

targeted allele can be differentiated from the wildtype allele by Southern blotting after Spe

I digestion. The external probe can detect the wildtype allele at 19.7 kb but the floxed

allele at 18.2 kb (Figure 2.3.B).

Floxed Mice

Electroporation, culture and selection for homologous recombination among em-

bryonic stem cells are described in Materials and Methods. Out of 295 neo-resistant stem

cell clones, 2 recombined homologously. The targeted clones were injected into blastocysts,

only one of which contributed more than 90% of cellularity to 7 chimeric mice. The only

one chimera with germline transmission was mated directly to hACTB::FLPe.9205 mice to

remove the neo cassette [79]. The neo-free floxed mice were further mated to CD19::Cre

mice for B-cell specific knockout of Klhl6 [77]. Except for the B-cell phenotypes, no other

abnormalities were found in floxed animals. Some neo-free floxed mice were crossed to

CAG::Cre mice to make ∆ alleles [86].

B Cell Specific Excision

Tail and B cell genomes from the same heterozygous animal carrying CD19::Cre

were subject to Southern blotting analysis (Figure 2.3.C). Clearly the floxed allele was only

excised in the B cell genome, but not in the tail genome. In the meanwhile, the wildtype

allele remained untouched by the Cre recombinase.

Phenotypes

B-cell phenotypes were present at several developmental stages. From early bone

marrow precursors till lymph node germinal centers, all of the phenotypes were B-cell

autonomous.
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Bone Marrow Development

Based on Hardy’s scheme [44], bone marrow B cell precursors develop from fraction

B (B220+ CD43+ CD24+ BP-1−), via C (B220+ CD43+ CD24+ BP-1+), D (B220+ CD43−

IgM−), and E (B220+ CD43− IgM+) to F (B220highCD43− IgM+). Although KLHL6 is

expressed through the whole developmental stages (Figure 2.2), there are no apparent dif-

ferences before stage F, the fraction containing mature B cells recirculating from periphery

into bone marrow (Figure 2.4). However, if taken into consideration of transitional cells

(IgMhigh CD21intermediate) [18], CD21 upregulation in this population was less apparent in

any of Klhl6-null mice (arrow position of -/-, ∆/∆, or loxP/loxP;CD19::Cre in Figure 2.5).

Splenic Development

As shown in Figure 2.4, there were less mature B cells (F fraction) in Klhl6-null

mice. Direct analysis on splenic B cells showed a roughly 50% decrease in either conventional

knockout or B-cell specific knockout animals (Figure 2.6). We next analyzed splenic B cells

at different developmental stages. Similar to precursors in bone marrow, splenic B cells

need to develop through several additional steps, including transitional 1 (B220+ CD23−

IgMhigh CD21low, T1), transitional 2 (B220+ CD23+ IgMhigh CD21high, T2), marginal zone

(B220+ CD23− IgMhigh CD21high, MZ), and mature follicular cells (B220+ CD23− IgMlow

CD21high, Fo) [19, 59]. In Klhl6-null animals populations at T1, T2 or Fo stages were

reduced significantly to around 50% (Table 2.1), but cells at Mz stage were not reduced to

the same extent. Therefore their relative abundances were grossly preserved (Figure 2.7).

Anti-IgM Stimulation

Proliferation of Klhl6-null B cells in response to anti-IgM stimulation was severely

compromised (J. Kroll and data not shown). To extend the analysis to single cells, we

(J. Kroll and H.-H. Liu) stimulated purified splenic B cells with different concentrations of

anti-IgM and analyzed their surface expression of CD69, which is an early activation marker

for lymphoid cells [see review 103]. At the concentration of 5 µg/ml, expression profile of

CD69 in Klhl6 heterozygous B cells was overlapping with the expression profile at 10 µg/ml

(Figure 2.8.A). Therefore stronger stimulation at 10 µg/ml did not shift the profile further.
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Instead, CD69 was barely expressed on Klhl6-null B cells stimulated at 5 µg/ml, though

the expression was upregulated to a higher level after anti-IgM was concentrated to 10

µg/ml. Notably the CD69 profiles between knockout and heterozygous B cells at 10 µg/ml

anti-IgM level were essentially overlapping (Figure 2.8.B). These data were compatible with

the hypothesis that BCR signaling threshold on Klhl6-null B cells was elevated, and cells’

response could be compensated by strengthening the stimulation.

Germinal Centers

It has previously been reported that KLHL6 is expressed in sheep Peyer’s patch and

human tonsil B cells, suggesting that KLHL6 expression may be associated with the germi-

nal center (GC) reaction [41]. To test this idea directly, mice were immunized in bilateral

hind footpads with chicken ovalbumin or PBS. 10 days later, GC B cells (B220+ GL7+) were

quantitated by flow cytometry. As shown in Table 2.2, GC B cell numbers in lymph nodes

were much higher in wildtype animals after ovalbumin stimulation. In Klhl6-null mice, GC

reactions still existed but expanded to a much lower extent. In loxP/loxP;CD19::Cre mice,

GC reactions were also compromised (Figure 2.9.A). Quantification by flow cytometry re-

vealed a 228-fold versus 19-fold increase of B220+ GL7+ GC B lymphocytes per lymph node

in response to ovalbumin injections in loxP/loxP and loxP/loxP;CD19::Cre mice, respec-

tively. The compromised GC formation in KLHL-null B cells were independent of other

related receptors such as CD40 or CXCR5, which were essentially comparable between

heterozygous and homozygous animals (Figure 2.9.B).

Mechanism Hypothesis

Similar compromised GC formation could be found in either Cd19 or Cd21 knockout

mice [37, 76], which were involved in the threshold control for BCR signaling [see review 65].

It is also known that the CD19/CD21 complex has synergistic effect in calcium mobilization

with B cell receptors [20, 109]. Because Klhl6-null mice had impaired GC reactions in

vivo and elevated thresholds for CD69 expression in vitro, it is possible KLHL6 is another

molecule involved in threshold control for BCR signaling. It is not known if KLHL6 has any

interactions with CD19/CD21 complex, but preliminary data showed that CD19 cocapping
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still occurred with BCR after anti-IgM stimulation upon Klhl6-null B cells (data not shown).

Increased Use of Lambda Light Chain

B cell receptors need to go through selections both in the bone marrow and in the

spleen [54, 59]. There are two light chain loci for mice, kappa and lambda. Unlike humans,

mice utilize kappa chains before lambda chains in establishing BCR repertoire [80]. If the

threshold for BCR signaling is elevated, it would be expected to see more lambda light chain

use in the periphery because of higher failing rates after putative ”positive” selections for B

cells. This expectation is indeed documented in Cd19 knockout mice [95]. Similarly lambda

light chains were used more frequently in Klhl6-null mature B cells (Figure 2.10). Early

immature Klhl6-null B cells (B200+ IgM−) had comparable use of lambda light chains

to wildtype B cells. However, the use frequency gradually increased with maturation of

Klhl6-null B cells.

Impaired Calcium Response

To gain information as to whether BCR-signaling pathways were affected by the

loss of KLHL6, Dr. XZ. Shi had studied calcium response to anti-IgM stimulations in

vitro upon splenic B cells. As a population, Klhl6-null B cells showed a markedly reduced

increase in the level of intracellular Ca2+ in response to anti-IgM stimulation compared to

wild-type B cells (Figure 2.11.A). To determine the frequencies of B cells which exhibited

such low Ca2+ response, stimulation-dependent changes in intracellular calcium levels in

individual cells were measured by flow cytometry. This analysis demonstrated an impaired

anti-IgM response in a substantial fraction of Klhl6-null B cells (Figure 2.11.B). Notably

such compromised responses were partially compensated when the strength of anti-IgM

stimulation was increased to 10 µg/ml.

Discussion

KLHL6 was expressed throughout all stages of B-cell development. In the bone

marrow, upregulation of CD21 in transitional cells (B220+ IgMhigh) were less apparent.
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In the periphery, several subsets of B cells were reduced to around 50%. Responses to

stimulations were defective both in vivo and in vitro. GC formation after ovalbumin chal-

lenge was compromised. Thresholds for CD69 expression on anti-IgM stimulated B cells

were elevated. Importantly, all the phenotypes were B-cell autonomous. Although precise

biochemical defects in Klhl6-null B cells are not known, it is possible that loss of KLHL6

resulted in higher thresholds for BCR signaling.

BCR Signaling Threshold

Biochemical studies showed defective calcium response to anti-IgM stimulations

in Klhl6-null B cells. The defect could be partially compensated by higher strengths of

stimulations at 10 µg/ml (Figure 2.11.A). Similarly CD69 expressed normally when anti-

IgM stimulations were raised to 10 µg/ml (Figure 2.8). The CD19/CD21 complex has been

known to be involved in fine-tuning BCR signaling threshold [see review 65]. Knockout

mice of either Cd19 or Cd21 have similar defects in GC formations [37, 76]. Loss of CD19

results in more frequent use of lambda light chains [95], which was also true for Klhl6-null

B cells (Figure 2.10). Although primitive studies showed that CD19 cocapping with BCR

was normal after anti-IgM stimulations (data not shown), further detailed studies on CD19

signaling would be helpful.

CD19 Signaling and Calcium

Ligation of CD19 is important in assembly of a signaling complex for Vav and

phosphatidylinositol 3-kinase (PI3K) pathways [120]. Vav is a nucleotide exchange factor

for G-protein Ras [40], while PI3K is important for calcium mobilization via interactions

between phosphatidylinositol 3,4,5-trisphosphate and the Src-homology 2 domain on phos-

pholipase C gamma [75]. Because Vav is important in T cell development [110] and we

did not find apparent abnormalities in Klhl6-null T cells, the involvement of Vav in the

biochemical defect is less likely. In contrast, phosphorylation of CD19 Y484 and Y515 are

important for PI3K activation [13], and the latter is important for calcium mobilization.

Therefore further studies on PI3K activity as well as phosphorylation status at indicated

tyrosine residues on CD19 of Klhl6-null B cells would be warranted.
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Relationship to E3 Ligase

Recently some BTB-kelch proteins have been shown to be components of E3 ligases

[5, 24, 51, 117, 125]. KLHL12 negatively regulates Wnt signaling by targeting Dishevelled

for degradation [5]. It would be possible KLHL6 also targets some negatively-regulating

components in BCR signaling for proteasome-dependent degradation. Without KLHL6-

mediated degradation, the presumed substrate level might be high and exerted a stronger

negative effect. If the degradation was BCR-signaling dependent, KLHL6 might be able to

positively feedback to those B cells which successfully signal through BCR. Alternatively,

E3 might use ubiquitins for other signaling functions [see review 100], though such roles

have not been reported for any of BTB-kelch proteins. Lastly, possibilities could not be

ruled out that KLHL6 could have functions other than E3. If binding partners could be

found for KLHL6, which might be BCR-signaling dependent, those possible functions of

KLHL6 could be more readily investigated.

Conclusion

Knockout of KLHL6 in B cells has provided evidence in B-cell autonomous pheno-

types from bone marrow precursors, peripheral mature B cells, and germinal center forma-

tions in lymph nodes. It is also another in vivo model demonstrating various involvements of

BTB-kelch proteins in mammalian biology after Gigaxonin [11], Keap1 [113], and KLHL10

[124].
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Figures

Figure 2.1 Multiple alignment of KLHL6
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(A) KLHL6 homologs from Zebrafish, Chicken, Mouse, and Humans were aligned by
ClustalW [22] and illustrated by BOXSHADE. Protein domain structures were identified
by Pfam protein families database [8] and by manual inspection for the first kelch repeat.
One BTB domain was identified at the N terminus, followed by the BACK domain, and
six kelch repeats at the C terminus. Each domain or repeat was delineated by color lines.
(B) 6 kelch repeats were aligned one by one. The typical GG doublets in kelch motif were
apparent for every kelch repeat of KLHL6.

Figure 2.2 KLHL6 expression at B-lineage developmental stages

B cells at different developmental stages were sorted according to the cell surface markers as
reported by Hardy et al. [44] and by Carsetti [17]. The cDNAs were synthesized from total
RNA and subject to PCR amplification for both KLHL6 and GAPDH. KLHL6 is expressed
at all developmental stages from bone marrow precursors till splenic B cells. Negative
control for KLHL6 was obtained from splenic cDNA of Klhl6-null mice.
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Figure 2.3 Floxed allele targeting in embryonic stem cells
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(A) The first exon of KLHL6 was floxed by a pair of loxP sequences. One was inserted
just before ATG starting codon, and the other was inserted into the first intron. The latter
was followed by a FRT-flanked PGK::neo cassette, which is removable by yeast-derived
recombinase Flipase [4]. The floxed allele can be differentiated from wildtype allele by
Southern blotting after Spe I digestion with the 3’ external probe. (B) Southern blotting
showed one clone of embryonic stem cells which had successfully substituted the floxed
allele for one wildtype allele after homologous recombination. (C) Tail and B cell genomes
from the same heterozygous mouse carrying CD19::Cre were subject to Southern blotting
analysis. The floxed allele was only excised in the B cell genome, but not in the tail genome.
In the meanwhile, the wildtype allele remained untouched by the Cre recombinase.

Figure 2.4 B-lineage development in bone marrow

Bone marrow B cell precursors were analyzed by flow cytometry according to Hardy’s
scheme [44], which develop from fraction B (B220+ CD43+ CD24+ BP-1−), via C (B220+

CD43+ CD24+ BP-1+), D (B220+ CD43− IgM−), and E (B220+ CD43− IgM+) to F
(B220highCD43− IgM+). In this order, B to E represent immature and newly generated B
cells, while cells in fraction F represent recirculating mature B cells to the bone marrow. It
is apparent that less mature B cells were present in bone marrow of Klhl6-null mice (-/- or
∆/∆).
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Figure 2.5 Impaired upregulation of CD21 in transitional cells

Transitional B cells in the bone marrow (IgMhigh CD21intermediate) were analyzed by flow
cytometry with surface markers reported by Carsetti et al. [18]. CD21 upregulation was less
apparent in any of Klhl6-null mice (arrow position of -/-, ∆/∆, or loxP/loxP;CD19::Cre).
It is also apparent that fewer mature B cells were detected in any of these Klhl6-null animals
(area M in the inlet).
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Figure 2.6 Decreased splenic B cells

Splenic B cells were calculated as B220+ cells among all splenocytes. In conventional
LacZ-knockin mice, homozygous animals had B cell numbers at around 50% of wildtype or
heterozygous animal controls. The same reduction was also true for B-cell specific knockout
mice (loxP/loxP;CD19::Cre). Three animals were included in each group.
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Figure 2.7 B-lineage development in spleens

Splenic B cells were analyzed according to surface markers as reported previously [19, 59],
which included transitional 1 (B220+ IgMhigh CD21low, T1), transitional 2 (B220+ IgMhigh

CD21high, T2) plus marginal zone (B220+ IgMhigh CD21high, MZ), and mature follicular
cells (B220+ IgMlow CD21high, Fo). The relative abundance between theses B cell subsets
were grossly preserved.
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Figure 2.8 CD69 expression on stimulated B cells
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(A) Splenic B cells were stimulated by different concentrations of anti-IgM in vitro for 48
hours before subjected to flow cytometric analysis for CD69 expression on the surface. The
CD69 expression profile from heterozygous B cells had saturated at 5 µg/ml level. Further
increase of anti-IgM stimulation to 10 µg/ml level did not shift the profile. Instead, ho-
mozygous B cells could express more CD69 molecules on the surface if anti-IgM stimulation
was enhanced from 5 µg/ml to 10 µg/ml. The same experiment was repeated twice. (B)
Although CD69 was less expressed for homozygous B cells at 5 µg/ml level of anti-IgM
stimulation, the expression profile could be compensated by strengthening the challenge to
10 µg/ml. There were no differences between heterozygous and homozygous B cells at 10
µg/ml level of anti-IgM stimulation.

Figure 2.9 Impaired germinal center formation
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(A) Germinal centers of popliteal lymph nodes were stained by peanut Lectin-FITC after
10 days’ challenge by chicken ovalbumin at hind footpads. Although germinal centers still
formed in loxP/loxP;CD19::Cre mice, they were much smaller than those in either +/- or
loxP/loxP mice. Quantification by flow cytometry revealed a 228-fold versus 19-fold increase
of B220+ GL7+ GC B lymphocytes per lymph node in response to ovalbumin injections in
loxP/loxP and loxP/loxP;CD19::Cre mice, respectively. (B) Splenic B cells were analyzed
for either CD40 or CXCR5 expressions, neither of which had different profiles between
homozygous or heterozygous littermates.

Figure 2.10 Increased lambda chain use with B cell maturation

Bone marrow cells were analyzed by simplified Hardy’s scheme [44]. Early immature Klhl6-
null B cells (B200+ IgM−) had comparable use of lambda light chains to wildtype B cells.
However, late immature Klhl6-null B cells (B200+ IgM+) selected lambda light chains more
frequently in their B cell receptors. The biased selection toward lambda light chains was
even more apparent among Klhl6-null mature B cells. It is compatible with the concept that
Klhl6-null B cells failed more frequently in putative positive selections because of presumed
threshold elevations in BCR signaling. Each group included 3 mice. See text for more
details.
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Figure 2.11 Impaired calcium response to anti-IgM stimulation
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This figure was contributed by Dr. XZ. Shi. (A) Purified B cells were loaded with Fluo-
3 and stimulated with F(ab’)2 goat anti-mouse IgM (5 µg/ml) or anti-CD19 (5 µg/ml)
at time zero. The fluorescence of Fluo-3 was measured with filters for excitation at 485
nm and for emission at 538 nm. Fold increase is shown as the ratio of internal Ca2+

concentration ([Ca2+]i) levels (after/before the stimulation). The results are representative
of three independent experiments. The increase in intracellular free calcium in response
to BCR stimulation among Klhl6-null B cells was apparently compromised. (B) The Ca2+

fluxes were analyzed by flow cytometry. Splenocytes were loaded with Indo-1 and stained
with phycoerythrin-conjugated anti-B220 monoclonal antibody. B220+ B lymphocytes were
examined for the [Ca22+]i levels by adding F(ab’)2 goat anti-mouse IgM, or anti-CD19 at
the indicated time points (arrows). The [Ca2+]i was determined as the ratio of bound (395
nm) to unbound (530 nm) Indo-1. The results are representative of three independent
experiments.
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Tables

Table 2.1 Splenic B-lineage Cells.

Table 2.2 Germinal Center B Cells in Lymph Nodes.



chapter three
mKELCH

Introduction

mKELCH is a novel BTB-kelch protein named after muscle kelch. In a PCR-based

expression screening for all predicted BTB-kelch proteins in the mouse genome, mKelch

was found to be specifically expressed in the heart. Domain analysis of cloned mKELCH

sequence identified one BTB domain at the N terminus and several kelch repeats at the

C terminus. BACK domain bridged both termini. Northern blotting revealed additional

expressions at skeletal muscle. To elucidate the biological function of mKELCH, we took a

genetic approach to knock out mKelch in all tissues with a knocked-in LacZ cassette. Cardiac

muscle as well as skeletal muscle were both highly stained by X-Gal. Surprisingly, several

photosensitive organs and some smooth muscle had positive staining as well. Although

no phenotypes were found in the hearts or muscle, preliminary analyses suggested that

mKELCH might play a role in adjusting the sensitivity threshold for phase-shifting circadian

rhythms of locomotor behavior in mice.

Materials and Methods

CDD Domain Analysis

NCBI had made available all predicted mRNA and protein sequences by GENSCAN

[14] against the mouse genome (MGSCv3 Release 1). CDD is a database storing position-

specific scoring matrices for known protein domains. With the following PERL script, I

obtained domain structure analyses for all predicted proteins.

52
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#! /usr/bin/perl

@list = qw/Mm1 Mm2 Mm3 Mm4 Mm5 Mm6 Mm7 Mm8 Mm9 Mm12 Mm13 Mm14 Mm15 Mm16

Mm17 Mm18 Mm19 MmUn MmX/;

foreach $item (@list)

{

@fas = ‘ls $item‘;

foreach $fasitem (@fas)

{

chomp $fasitem;

‘blastall -p blastp -d All -i $item/$fasitem >> ${item}_GS_Pro.blast‘;

}

}

The results were filtered through the script below to extract all BTB-kelch protein candi-

dates.

#! /usr/bin/perl

if ($ARGV[0])

{

open (STDIN, $ARGV[0]);

}

while (<STDIN>)

{

if (/^Query=/)

{

$output=1;
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$block="";

$domain="";

$printblock=0;

$BTB=0;

$Kelch=0;

do

{

$block="$block$_";

$_=<STDIN>;

if (/^gnl/)

{

$domain="$domain$_";

if ($_ =~ /BTB/) {$BTB=1;}

if ($_ =~ /Kelch/) {$Kelch=1;}

}

if (/^>/)

{

$output=0;

if ($BTB && $Kelch) {$printblock=1;}

}

}

while ($output);

if ($printblock) {print $block;}

}

}

PCR Screening

Predicted mRNA sequences for all BTB-kelch protein candidates were ’BLATted’

at UCSC Genome Bioinformatics (http://genome.ucsc.edu), which could easily identify

http://genome.ucsc.edu
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exon-exon junctions with color letters. Primers were designed in a multiplex manner by

Primer3 [82], preferentially crossing exon-exon junctions and had similar annealing tem-

peratures. Every four candidate proteins were grouped together; expected PCR products

would appear at around 150 bp, 250 bp, 350 bp, and 450 bp, respectively. There were

totally 11 groups plus one β-actin group as a positive control. Reaction conditions were

94◦C 5 min, 35 cycles of 94◦C 30 seconds, 58◦C 30 seconds, 72◦C 1 minute, and final 72◦C

10 minutes.

in silico Cloning and Bioinformatic Analysis

The cDNA sequence of mouse mKelch was used as seeds to ’BLAT’ against genome

sequences of other species at UCSC Genome Bioinformatics (http://genome.ucsc.edu).

Based on the highly conserved exon structures, splicing donors and acceptors could be easily

identified by color codes from ’BLATted’ results at UCSC. Exon sequences were manually

picked out and assembled. The curated exon sequences were then in silico translated into

protein sequences. Multiple alignments were calculated by ClustalW [22] and outputted

as shaded drawings by BOXSHADE (http://www.ch.embnet.org/software/BOX form.

html).

cDNA Synthesis

First strand cDNA was synthesized from total RNA with Invitrogen SUPERSCRIPT

II first-strand synthesis kit by poly dT primers. Hearts, spleens, and E12.5 embryos were

obtained from conventional KLHL6 knockout mice (J. Kroll). RNA was extracted by QIA-

GEN RNeasy Midi kit.

Stem Cell and Knockout Mice

The bacterial artificial chromosome (BAC) genomic clone for the mKelch gene was

obtained from Research Genetics and the targeting vector was constructed as shown in

Figure 3.5. Briefly, the ATG exon of mKelch was replaced by a fragment containing a Flpase

target-flanked LacZ cassette [4]. The LacZ sequence was followed by a floxed PGK::neo

cassette. Electroporation, embryonic stem (ES) cell culture, and Southern blot screening

http://genome.ucsc.edu
http://www.ch.embnet.org/software/BOX_form.html
http://www.ch.embnet.org/software/BOX_form.html
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were performed as previously described [102]. Mice were genotyped by PCR using the

following primer pairs: aaaacctgcttcttttcttaccc and tgcactcgagtagtccacagg (for the wild

type allele); and aaaacctgcttcttttcttaccc and gcgggcctcttcgctattac (for the LacZ allele). The

PCR conditions were: 94◦C for 30 seconds; 58◦C for 30 seconds; and 72◦C for 1 minute; 35

cycles.

Northern Blotting

Commercial membranes from Clontech were used for tissue blot, embryo blot (Figure

3.4) or dot blot (data not shown). Homemade membrane was transferred from fractionalized

total RNA in formaldehyde agarose gel as detailed in the appendix of QIAGEN RNeasy

handbook. Each lane was loaded with 20 µg total RNA from hearts, liver, brain, or skeletal

muscle.

Genetic Background and Age of the Mice

The mice were studied on CD1 and 129/svEms-+Ter?/J mixed backgrounds. The

studies were conducted with adult mice at 6 to 10 weeks of age raised at the animal center

of University of Southwestern Medical Center at Dallas. The animals for echocardiogram

were 4 months old.

X-Gal Staining

Staining procedure was based on Lobe et al. [58]. Briefly, whole mount organs

were fixed at 4◦C for 4 hours in 0.2% glutaraldehyde, 5 mM EGTA pH 7.3, and 100 mM

MgCl2 in PBS. After wash 3 times with 2 mM MgCl2, 0.01% NaDOC, 0.02%NP-40 (LacZ

wash buffer), organs were incubated at 30◦C overnight in LacZ wash buffer plus 5 mM

potassium ferrocyanide, 5 mM potassium ferricyanide, and 1 mg/ml X-Gal. Stained organs

were washed by PBS 3 times, and postfixed in 2% PFA plus 0.1% glutaraldehyde overnight

at 4◦C. Sections were stained similarly except fixation and postfixation were shortened to

10 minutes at room temperature.
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Histology

Frozen sections embedded in OCT were cut at 10 µm thick before staining. Flat

mount retinas were detached from eyeballs after whole mount staining by X-Gal. Images

were taken under Zeiss Axio-series microscopes, and processed by Openlab.

Circadian Rhythms of Locomotor Activity

Locomotor activity was monitored by wheel running. Mice were entrained to equally

divided light-dark cycles for one week before introduced into constant darkness. After

another week in darkness, a short pulse of light for 15 minutes was given at 2.5 hour after

the predicted activity onset (Zeitgeber Time 14.5, ZT 14.5). Activity was recorded for at

least additional 7 days before the next pulse of light for 1 minute at the same time point,

i.e. ZT 14.5. Actograms were recorded and analyzed by the Clocklab software package.

Statistics

Student’s t-Tests were used for statistical analyses. Data were presented as average

± standard deviation.

Results

Discovery

Our laboratory had been working on a BTB-kelch protein, KLHL6, before the

identification of mKELCH. Klhl6-null mice had relatively minor phenotypes in B cells. To

exclude the possibility that some other BTB-kelch protein might compensate KLHL6 in null

animals, I took a bioinformatic approach to identify all potential BTB-kelch proteins in the

mouse genome. A PCR-based expression screening was then performed against cDNA from

hearts, spleens, and embryos at E12.5.
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Bioinformatic Approach

GENSCAN-predicted protein sequences [14] against the mouse genome (MGSCv3

Release 1) were downloaded from NCBI website. Position-specific scoring matrices for

characterizing protein domain structures were also available at CDD of NCBI. All proteins

were subject to BLAST analysis locally and results were filtered through PERL script for

BTB-kelch combinations. Totally 41 BTB-kelch proteins were identified from the mouse

genome, including KLHL6 (Figure 3.1).

PCR Screening

Primers specific for each identified BTB-kelch protein were picked by Primer3 [82],

preferentially crossing exon-exon junctions (Table 3.2). cDNA from hearts, spleens, and

embryos at E12.5 were subject to expression analysis by multiplex PCR reactions. It turned

out every organ had more than 20 BTB-kelch proteins expressed simultaneously, but had

different combinations (Figure 3.2). We did not find any specific candidate with higher

expressions in Klhl6-null spleens. Instead, mKelch became a serendipitous finding because

of very specific expression in the hearts (arrow in Figure 3.2).

Domain and Distribution

mKelch was cloned from cardiac cDNA by PCR, and subject to sequence verifica-

tion and domain structure analysis. The result was the same as GENSCAN predictions.

Sequences from other species were cloned in silico.

Protein Domain Analysis

There is a BTB domain at the N terminus, followed by a BACK domain before the

C-terminal kelch repeats (Figure 3.3). However, only 4 kelch repeats were recognized by

the Pfam protein families database [8]. Another 2 potential kelch repeats were suspected

by inspection, as denoted by fragmented lines in Figure 3.3. Notably the two manually

identified repeats did not have the characteristic GG doublets for the typical kelch motif.

mKELCH is highly conserved from animals above fish. No homologs were found in species

below vertebrates such as Drosophila.
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Tissue Distribution

Northern blotting with a mKelch specific probe showed abundant expression in the

heart (Figure 3.4) and faint signals among skeletal muscle and possibly testes. Embryo

blots did not give positive results. Tissue dot blots revealed similar findings (data not

shown). Signals from homemade Northern membranes were much stronger at skeletal muscle

(Figure 3.6). The discrepancy could be due to different normalization methods between the

commercial and the homemade membranes. There seemed two bands for each positive

tissue, which might represent different splicing variants of mKelch.

Knockout Mice

We took a genetic approach to understand mKELCH functions by abolishing mKELCH

in all tissues via a knocked-in LacZ cassette, which itself served as a reporter under the en-

dogenous promoter of mKelch.

Targeting Construct

An FRT-flanked LacZ cassette, which is removable by yeast-derived recombinase

Flipase [4], was targeting at the ATG exon of mKelch (Figure 3.5.A). A floxed PGK::neo

cassette following LacZ was used for selection of embryonic stem cells. The lengths of short-

arm and long-arm for homologous recombination were 2.5 kb and 4 kb, respectively. The

targeted allele can be differentiated from the wildtype allele by Southern blotting after Spe I

digestion. The external probe detected the wildtype allele at 6.9 kb and the knocked-in/-out

allele at 8.5 kb (Figure 3.5.B).

Mice

Electroporation, culture and selection for homologous recombination among embry-

onic stem cells are described in Materials and Methods. Out of 280 neo-resistant stem cell

clones, 5 recombined homologously. Two targeted clones were injected into blastocysts.

From chimeras with more than 90% contribution of genetically modified stem cells, one line

was maintained for each clone. The chimeras were directly mated to CAG::Cre mice to
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remove the PGK::neo cassette [86]. Offsprings were born normally with Mendelian ratios

and gained similar body weights at one month old regardless of genotypes (Table 3.1).

Confirmation of mKelch Knockout

Northern blotting with a mKelch specific probe downstream of ATG exon showed

complete loss of mKelch expression at either hearts or skeletal muscle (Figure 3.6). Het-

erozygous animals had around half amount of expression levels. Brain and liver remained

undetectable for mKelch regardless of genotypes.

Distribution Revisited

Knocked-in LacZ was driven by endogenous promoter of mKelch. X-Gal staining

would authentically reflect LacZ activity, and presumably revealed the expression pattern

of mKelch [87].

Whole Mount X-Gal Staining

Fixed organs from heterozygous or wildtype animals were stained by X-Gal. Atria

and ventricles of both left and right hearts were strongly stained (Figure 3.7.A). Great

arteries were negative, but pulmonary veins and coronary sinuses were positive. Pineal

glands and superior colliculi were also highly stained by X-Gal (Figure 3.7.B). Other organs

including brain, liver, kidney, pancreas, or intestines were negatively stained (data not

shown).

Microscopic View of X-Gal Staining

Frozen tissue sections were subject to X-Gal staining. Skeletal muscle was highly

stained, and so was smooth muscle in the lung (Figure 3.8.A). Pineal glands and superior

colliculi were again positively stained. Additional positive foci included iris, ciliary body,

and some retina ganglia cells in the eye (lower right panels in Figure 3.8.A). Staining on

retina ganglia cells were further evaluated on the flat mount preparation (Figure 3.8.B).

Only some retina ganglia cells were stained, showing a starry pattern among the whole

retina. Notably, this starry pattern on ganglia cells were very similar to the expression
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pattern of Melanopsin (see below) [45], which is responsible for non-image-forming visual

functions such as phase-shifting circadian rhythms of locomotor activity or adjustment of

pupil constrictions [see review 71].

Phenotype Search

Search for phenotypes was directed by the expression profile of mKelch. Efforts were

focused on cardiac performances and non-image-forming visual functions.

Heart

At least at the age of 4 months old, mKelch-null mice did not have any detectable

abnormalities on cardiac functions or structure (Figure 3.9 and data not shown). Cardiac

echo showed normal contraction and relaxation in systole and diastole, respectively.

Non-image-forming Vision

Many physiological functions need cues from environments, such as circadian rhythms

of locomotor activity, or adjustment of pupil constriction. Recent studies have shown that

Melanopsin, which is expressed by a very limited population of retina ganglia cells ( 1%),

plays a major role in this regard [46, 70]. Based on X-Gal staining on the flat mount retina,

mKELCH and Melanopsin have very similar patterns of expression (Figure 3.8.A and 45).

It would be possible that mKELCH and Melanopsin are expressed among the same set

of retina ganglia cells, and both might be involved in regulating the same physiological

function.

mKelch vs. Melanopsin

Although mKelch was cloned from hearts, the specific and abundant expressions

at several photosensitive organs, including retina, superior colliculi, and pineal glands, had

raised the question if mKelch is involved in visual functions.
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Retina Ganglia

Cones and rods are the two major photosensitive cells to relay light signals through

ganglia to the hypothalamus. Recently some retina ganglia cells have been shown to possess

the ability to sense light directly [91]. These ganglia cells can influence physiological adjust-

ments to environmental irradiation cues. On the retina, X-Gal staining between mKelch

and Melanopsin were very similar (Figure 3.8.A and 45). It is possible both proteins are

expressed by the same type of ganglia cells.

Phase Shift in Constant Darkness

Among the non-image-forming visual functions mediated by Melanopsin is the cir-

cadian phase shift of locomotor activity [45]. Briefly, endogenous circadian rhythms of

locomotor activity in mice could be assayed by wheel-running in constant darkness (ac-

togram). The endogenous rhythm is slightly shorter than 24 hours, so mice would run the

wheel a little earlier the next day (Figure 3.10.B). If a short pulse of light was given at

around 2 to 3 hours after the activity onset, the next appearance of wheel running would

be delayed (Figure 3.10.B). A phase shift would be observed on the actogram.

Light Sensitivity in Setting Phase Shift

mKelch-null and control mice were adapted to constant darkness and recorded for

their wheel running activities. A short pulse of light for either 1 minute or 15 minutes

were given to each animal on two different occasions. The ratio of phase shifts between

1-minute stimulation and 15-minute stimulation by the same animal was shown in Figure

3.11. Although statistical significance was not reached, it seemed that 1-minute stimulation

was as effective as 15-minute stimulation in inducing phase shift for mKelch-null mice. The

ratio was 1±0.5 for knockout animals, but around 0.6±0.4 for control animals.

Hearts

An interesting question relevant to the presumed coexpression between mKelch and

Melanopsin on ganglia is whether evidences exist for coexpression on the hearts as well.

Based on EST search at NCBI, at least 4 records aligned well with Melanopsin, whose
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accession numbers were 32306165, 4483360, 4373977, and 2249294, respectively. All of

these records were derived from cardiac cDNA. One of the alignments was shown in Figure

3.10.A.

Discussion

Bioinformatic Work

I identified totally 41 BTB-kelch proteins in the mouse genome, based on the combi-

nation of GENSCAN [14], CDD database, and mouse genome sequences (MGSCv3 Release

1) (Table 3.2). With a similar approach, I found 38 BTB-kelch proteins in the human

genome (data not shown). These numbers were higher than we had expected in the labo-

ratory. PCR screening provided expression evidence for these BTB-kelch proteins among

several organs (Figure 3.2). Different organs had different combinations of these BTB-kelch

proteins. A later study using the more complete genome sequences confirmed the expansion

of BTB-kelch proteins in the human genome [74].

mKelch Cloning

3’-RACE cloning of mKelch revealed several splicing variants with different num-

bers of kelch repeats (data not shown). Instead 5’-RACE cloning only identified a single

starting exon. Because the promotorless LacZ was successfully expressed in mKelch mice,

the existence of an endogenous promoter upstream of the presumed first exon was justified.

In addition, probes downstream of the first exon could not detect mKelch expression in the

knockout mice (Figure 3.6), so the possibility for mKelch mice to have alternate starting

exons should be very low. In summary, mKelch is completely knocked out by the knocked-in

LacZ cassette.

However there is a long transcript on the Northern membrane whose sequence is not

clear (Figure 3.4. Bioinformatic studies trying to identify implicit downstream exons were
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not successful, either. Further experiments would be needed to characterize the sequence

of the long transcript.

Light Sensation for Hearts

mKelch was expressed among several photosensitive organs and possibly coexpressed

with a photosensing gene, Melanopsin, on some of the retina ganglia cells (Figure 3.7 and

3.8). Preliminary studies on circadian locomotor activity of mKelch mice implied a possible

role for threshold control in sensing the light pulse (Figure 3.11).

Interestingly, bioinformatic studies found expression evidence of Melanopsin in the

hearts (Figure 3.10.A). A previous report has suggested a direct light-sensing ability of Ze-

brafish hearts in the in vitro culture [121]. In that study, the cardiac circadian clock could

be entrained by direct light pulses. However, there have been no molecular explanations for

this novel ability. Given the evidence for Melanopsin in controlling other circadian activi-

ties, it would be intriguing to study the biological role of Melanopsin in cardiac functions,

assuming the expression evidence could be documented by experiments.

Conclusion

Taken into consideration of experimental data from both BTB-kelch proteins stud-

ied in the lab, Klhl6 and mKELCH, it seemed that both genes are involved in the threshold

control for environmental stimulations. Loss of Klhl6 elevated the threshold for BCR sig-

naling, while loss of mKelch seemed to lower the threshold for light sensation in some of

the retina ganglia cells. With an expanded repertoire of BTB-kelch proteins, vertebrates

might be able to respond to environmental cues in a more elaborate manner when there

is a specific BTB-kelch protein in accordance to each kind of environmental stimulations.

The finer adjustment to the environment probably provide a survival advantage to these

animals.
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Figures

Figure 3.1 Diagram for mKelch discovery

GENSCAN [14]-predicted protein and mRNA sequences against the mouse genome
(MGSCv3 Release 1) were downloaded from NCBI. All the predicted sequences were
’BLASTed’ by scoring matrices available at the CDD database. Proteins with BTB and
kelch combinations were selected for expression screening. Totally 41 such proteins were
identified. PCR screening primers were selected by Primer3 [82], as shown in Table 3.2.



67

Figure 3.2 PCR screen results

First-strand cDNA from Klhl6 wildtype and knockout mice (J. Kroll) were synthesized from
hearts, spleens, and E12.5 embryos without hearts. Screening primers were grouped into
12 groups, each of which had 1 to 4 pairs of primers with different product sizes (Table
3.2). In each organ, more than 20 different BTB-kelch proteins were identified. Products of
Klhl6 and mKelch were pointed out by arrowed rectangles. Notably the mKelch band was
not seen in either spleens or embryos.
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Figure 3.3 Multiple alignment with domain annotations

mKelch sequences were highly conserved among species above vertebrates. Based on the
Pfam protein families database [8], there is a BTB domain at the N terminus (red lines),
followed by a BACK domain (green lines) and several kelch repeats at the C terminus (blue
lines). Only 4 typical kelch motifs were identified by Pfam (solid blue lines). 2 potential
repeats were manually picked up (fragmented blue lines), which did not possess the typical
GG doubles in the kelch motif.

Figure 3.4 Tissue distribution by Northern blotting

A mKelch-specific probe was blotted against commercially available Northern membranes.
Expressions were strongly detected at hearts, but only faintly seen in skeletal muscle and
possibly testes. No signals were present on embryo membranes. Two bands were present;
one was about 1.5 kb, and the other was about 5 kb.
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Figure 3.5 Targeting strategy



71

(A) The ATG exon of mKelch was targeted by a construct containing a promotorless LacZ
and a PGK-driven neo. LacZ and neo were flanked by FRT and loxP sequences, respec-
tively. Homologous arms were 2.5 kb on the 5’ side and 4 kb on the 3’ side. Recombinant
alleles could be detected at 8.5 kb by the external probe against Spe I-digested Southern
membranes, but the wildtype alleles were blotted at 6.9 kb. (B) A typical Southern blotting
against a Spe I-digested membrane was shown, which contained one nonrecombinant clone
and two recombinant clones.

Figure 3.6 Confirmation of knockout by Northern blotting

A Northern membrane was prepared from total RNA extracted from different tissues of
mKelch mice with various genotypes. In hearts and skeletal muscles, the mKelch-specific
probe could not detect any signals among knockout mice. Heterozygous mice had roughly
half amounts of expression levels of wildtype animals. No blottings were present in brain
and liver. GαPDH was used as a loading control.
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Figure 3.7 Whole mount LacZ staining

(A) Hearts from either wildtype or heterozygous animals were subject to X-Gal staining.
The whole heart was strongly stained, including both atria and ventricles, pulmonary veins
and the coronary sinus. Great arteries were not stained. (B) Brains from both genotypes
were stained by X-Gal. Superior colliculi and pineal glands were clearly demarcated in the
heterozygous brain.
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Figure 3.8 Microscopic view of LacZ staining

(A) Sections of various organs were stained by X-Gal. Positive tissues included pulmonary
smooth muscle, pineal glands, striated muscle at esophagus, and superior colliculi. Intraor-
bitally ciliary body, iris, and some retina ganglia cells were strongly stained as well. (B)
Flat-mount retina was prepared from the X-Gal-stained eyeball. Note only some retina
ganglia cells were stained in a starry pattern. Iris was strongly positive.
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Figure 3.9 Cardiac echo

Cardiac echo was performed against mKelch mice at 4 months old. Both systolic and
diastolic phases were normal. Structurally no abnormalities were identified.
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Figure 3.10 Relationship to Melanopsin

(A) Melanopsin cDNA aligned well with a record of EST database, which was cloned from
hearts. (B) Circadian locomotor activity was monitored by wheel running (actogram). Mice
were firstly adapted to equally-divided light-dark cycles for 1 week before entering constant
darkness. Endogenous circadian rhythm, which is less than 24 hours, would advance the
onset of locomotor activity in constant darkness. If mice were pulsed with light between 2
to 3 hours after onset of activity, there would be a phase delay for the next day’s activity
onset. The delay could be identified on the actogram, as shown in blue on the right panel.
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Figure 3.11 Phase shift in constant darkness

Each mouse in constant darkness was pulsed with 1-minute and 15-minute light stimulations
on two different occasions. The ratio between resultant phase delays (shift from 1-minute
stimulation divided by shift from 15-minute stimulation) was plotted in the figure. In
knockout animals the ratio was 1±0.5, but the control mice had the ratios at 0.6±0.4. It
seemed that knockout animals had a lower threshold for light simulation in phase shift
adjustment, though statistical significance was not reached (p=0.07).
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Tables

Table 3.1 Genotype and Body Weight Statistics.



78

Table 3.2 BTB-kelch Screen Primers.



chapter four
TAK1 Kinase

Introduction

The Rel/NF-κB family of transcription factors regulates the expression of a plethora

of genes involved in inflammation, immunity, and apoptosis [96, 97]. NF-κB is normally

sequestered in the cytoplasm of unstimulated cells through its association with the IκB

family of inhibitory proteins. Stimulation of cells with a variety of agents leads to the rapid

phosphorylation and subsequent degradation of IκB by the ubiquitin-proteasome pathway,

thus allowing NF-κB to enter the nucleus to turn on various target genes.

Phosphorylation of IκB is catalyzed by a large kinase complex consisting of IKKα,

IKKβ and NEMO (also known as IKKγ or IKKAP). The IKK complex integrates signals

from diverse pathways, including those emanating from the receptors for TNFα and IL-1β,

TLRs, and TCR [2, 21, 30, 119]. Stimulation of IL-1β receptors and some TLRs leads

to the recruitment of several proteins including the adaptor MyD88, the kinases IRAK4

and IRAK1, and the ubiquitin ligase TRAF6. TRAF6 functions in conjunction with the

E2 complex Ubc13-Uev1A to catalyze the synthesis of Lys63-linked polyubiquitin chains

on certain protein targets including TRAF6 itself [27, 116]. Polyubiquitinated TRAF6 ac-

tivates a protein kinase complex consisting of the TAK1 kinase and the adaptor proteins

TAB1 and TAB2 [67, 116]. The activation of TAK1 by TRAF6 requires the binding be-

tween the K63 polyubiquitin chains and a conserved novel zinc finger domain of TAB2 or

its homologue TAB3 [50]. After TAK1 is activated, it phosphorylates IKKβ within the

activation loop, resulting in the activation of IKK. TAK1 also phosphorylates and activates

MKK6 and MKK7, leading to the activation of p38 and JNK kinase pathways.

Recent studies have shown that TRAF-mediated polyubiquitination and the TAK1

kinase complex also play an important role in NF-κB activation in T cells [101]. Stimu-

lation of TCR by an antigenic peptide and its cognate MHC activates a tyrosine kinase

79
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phosphorylation cascade that in turn leads to the activation of PKCθ. PKCθ then triggers

the recruitment of the CARD domain proteins CARMA1 and BCL10, and the paracas-

pase MALT1 to lipid rafts [56, 60, 105]. MALT1 binds to TRAF6 and promotes TRAF6

oligomerization, which activates its ubiquitin ligase activity [101]. TRAF6-mediated polyu-

biquitination then leads to the activation of TAK1 and subsequent activation of IKK. This

T cell signaling pathway from BCL10 to IKK activation can be reconstituted in vitro using

purified recombinant proteins, including Ubc13-Uev1A (E2), TRAF6 (E3) and the TAK1

kinase complex [101]. Furthermore, RNAi-mediated silencing of TAK1, TRAF2 and TRAF6

inhibits IKK activation and interleukin-2 production in Jurkat T cells. However, it has been

shown that MALT1 can function as a ubiquitin ligase that binds directly to Ubc13-Uev1A

and promotes the polyubiquitination of NEMO, thereby leading to IKK activation [126].

According to this model, TRAF proteins and TAK1 are not required for IKK activation by

TCR.

The role of TAK1 in NF-κB activation by receptors of the innate immunity path-

ways, including TNFR, IL-1R and TLR, has been validated in vivo through the isolation

of Drosophila TAK1 mutants [111] and the generation of TAK1 knockout mice [88, 93].

However, conditional deletion of TAK1 in B cells using Cd19-Cre did not abolish NF-κB

activation by BCR [88], which also signal through the CARMA1-BCL10-MALT1 complex

[98]. This result is discordant with another recent study that employed homologous recom-

bination in chicken DT40 cells to delete TAK1 and showed that the complete absence of

TAK1 abolished IKK and NF-κB activation by BCR [94]

In this report, we investigated the role of TAK1 in T cell development and activa-

tion by engineering a mouse model in which TAK1 was conditionally deleted in T cells.

We showed that thymocytes lacking TAK1 failed to survive during the progression from

double positive (CD4+CD8+) to single positive (CD4+ or CD8+) stages, resulting in sig-

nificant reduction of näıve T cells in the peripheral tissues. The loss of TAK1 in the

thymocytes prevented the activation of IKK, NF-κB and JNK, and sensitized the mutant

cells to activation-induced apoptosis. Our results provide the genetic evidence that TAK1

is essential for thymocyte development and activation.
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Materials and Methods

Gene Targeting and Genotyping of Mice

AB2.2 mouse ES cells were targeted by a construct containing one loxP site before

the transcription initiation site of Tak1, and the other loxP site in intron 1. The targeting

construct also contained a FRT-neo-FRT selection cassette before the intronic loxP site.

The 5’ and 3’ homologous regions spanned 2.5 and 3.0 kb, respectively. Targeted ES cells

were screened by Southern blotting with both 5’ and 3’ probes (Figure 4.1), following di-

gestion with EcoR V and Nhe I, respectively. Blastocyst injection was performed at Baylor

College of Medicine (Houston). Lck-Cre transgenic mice were obtained from the Jackson

Laboratory [47]. Floxed Tak1 mice were crossed to Lck-Cre mice at UT Southwestern

Medical Center (Dallas). Mice were genotyped by PCR using the following primer pairs:

gcacagaaaatgcacagtgctc and gcttgggacaggctggtaaag (for the wild type allele); gcacagaaaat-

gcacagtgctc and cttacaagccgaattccagca (for the floxed allele); and gcacagaaaatgcacagtgctc

and ctcctccactccgcccctac (for the excised allele). The PCR conditions were: 94◦C for 30

seconds; 58◦C for 30 seconds; and 72◦C for 1 minute; 35 cycles. The mice used in this

study were 5-10 weeks old. All mice were housed in conventional animal facilities at the

University of Texas Southwestern Medical Center or Baylor College of Medicine.

FACS

Spleens, thymi, and lymph nodes were mechanically disrupted by a syringe pump,

and filtered through cell strainers (100 µm, BD Biosciences) to obtain suspension cells.

Blood cells were isolated by following the online protocol at the Jackson Laboratory (http:

//www.jax.org/imr/facs.html) except FACS buffer was replaced by 5% FBS in PBS.

Cells were stained with a monoclonal antibody for 15 minutes on ice and washed once

before FACS analysis. In the event when staining with a secondary antibody was required,

cells were stained with the antibody for another 15 minutes on ice followed by another

wash step. Data were collected by FACSCalibur or FACScan (Becton Dickinson) flow

http://www.jax.org/imr/facs.html
http://www.jax.org/imr/facs.html
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cytometers, and analyzed using CellQuest software. Primary antibodies against B220 (RA3-

6B2), CD3 (17A2), CD24 (M1/69), CD4 (GK1.5), CD8a (53-6.7), CD69 (H1.2F3) were from

BD Bioscience; these antibodies are conjugated with different markers, such as fluorescein

isothiocyanate (FITC), phycoerythrin (PE), allophycocyanin (APC), or biotin. Streptavidin

coupled to peridinin chlorphyll protein (BD Bioscience) was used as a secondary antibody.

Isolation and Purification of Thymocytes and Lymph Node T Cells

CD4+ SP and CD4+CD8+ DP thymocytes were directly sorted by FACSVantage

SE (with DIVA upgrade) after CD4 and CD8 staining. CD8+ SP thymocytes were puri-

fied by depleting CD4+ cells with a magnetic column followed by FACS sorting for CD8+

cells. Briefly, thymocytes were incubated with anti-CD4-PE and anti-PE magnetic beads

(Miltenyi Biotec) before applying to a magnetic column. The unbound materials were incu-

bated with anti-CD8a-FITC and then sorted for the CD8+ SP thymocytes by FACS. The

purity of the sorted cells was at least 95%. Lymph node T cells were purified using Pan T

Cell Isolation Kit (Miltenyi Biotec) from a pool of popliteal, axillary, and mesentery lymph

nodes. The purity of the sorted CD3+ cells was at least 96%.

Annexin-V Cell Death Assay

Purified thymocytes at various stages were pelleted and resuspended in complete

media (RPMI-1640, 10% FBS, penicillin/streptomycin, 50 µM β-mercaptoethernol) at a

density of 5 x 105/ml. Aliquots of the cells (5 x 104 cells per well) were grown in 96-well

plates precoated with either PBS or 10 µg/ml anti-CD3ε (145-2C11, BD Bioscience). At

indicated times, cells were incubated with Annexin-V-APC (BD Bioscience) in staining

buffer (10 mM Hepes pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) for 15 minutes at room

temperature and then analyzed by FACS. At least 4000 events were recorded for each

sample.

Biochemical Analyses

Immunoblotting was carried out using standard procedures. In Figure 4.1.D, cells

(1.6 x 106) were lysed directly in SDS sample buffer supplemented with 25 units of Benzonase
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(Novagen), which digests genomic DNA to reduce viscosity. After incubation at 4◦C for 30

minutes, the samples were boiled and then subjected to SDS-PAGE and Western transfer.

In Figure 4.5.B & C, cells were lysed in 200 µl kinase assay buffer per 107 cells [20 mM

Tris-Cl pH 7.5, 100 mM NaCl, 25 mM β-glycero-phosphate, 1 mM sodium vanadate, 10%

glycerol, 0.02% NP-40, and proteinase inhibitor (Roche)]. The antibodies against phospho-

ERK and JNK were from Cell Signaling, and the antibody against phospho-JNK was from

BioSource. Antibodies for TAK1 (M579), IκBα (C21) and NEMO (FL-419) were from

Santa Cruz Biotechnology. Antibodies for tubulin and Cre were from Sigma and Novagen,

respectively.

For EMSA, whole cell extracts [3-4 µg protein in 20 mM Tris pH 7.5, 10% glyc-

erol, 0,4 M KCl, 1 mM DTT, 1mM EDTA, 0.1% NP-40, proteinase inhibitor (Roche)]

were incubated with radiolabeled DNA probes containing the consensus NF-κB or Oct-1

binding sites (Promega). After incubation at room temperature for 15 minutes, the DNA-

protein complexes were resolved by electrophoresis on 5% polyacrylamide gel and analyzed

by PhosphorImaging.

For NF-κB and JNK activity assays, thymocytes were prepared at a density of 2

x 107/ml in complete media (RPMI-1640, 10% FBS, penicillin/streptomycin, 50 µM β-

mercaptoethernol) and stimulated with PMA (100 ng/ml) and ionomycin (200 ng/ml) or

mouse TNFα (CHEMICON, 25 ng/ml) for the indicated time periods. The IKK kinase

assay was carried out as described before [101]. For plate-bound anti-CD3ε stimulation,

106/100 µl thymocytes in complete media were stimulated for 16 hours in 96-well plates

which had been coated by either PBS or 10 µg/ml anti-CD3ε at 37◦C for 90 minutes.

Real Time PCR

Thymocytes were stimulated with anti-CD3ε for 20 hours as described above, and

then total RNA was extracted using the QIAGEN RNeasy Mini kit. First strand cDNA was

synthesized using SuperScript III SuperMix for qRT-PCR (Invitrogen). Real time PCR was

performed in duplicates in the iQ5 multicolor detection system using SYBR Green supermix

(BIO-RAD). c-myc primers were gcccaaatcctgtacctcgtc and tgcctcttctccacagacacc. β-actin

primers were tgacgttgacatccgtaaagacc and aagggtgtaaaacgcagctca. The PCR conditions
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were: 94◦C for 30 seconds; 58◦C for 30 seconds; and 72◦C for 30 seconds; 40 cycles. The

expression of c-myc was normalized using β-actin as an internal control.

Statistics and Graph Preparation

Student’s t-Tests were used for statistical analysis. Data were presented as average

± standard error. Graphs except FACS analyses were prepared using gnuplot (http://

www.gnuplot.info/), Adobe Photoshop, or Microsoft Excel.

Results

Conditional Knockout of TAK1 in T cells

To engineer conditional alleles of Tak1 in mice, we constructed a targeting vector in

which exon 1 of Tak1 was flanked between a loxP site before the transcriptional initiation site

and another loxP site within intron 1 (Figure 4.1.A). The FRT-neo-FRT selection cassette

was inserted before the intronic loxP site. The 5’ and 3’ homologous regions were 2.5 and

3.0 kb, respectively. ES cell targeting and the generation of heterologous floxed Tak1 mice

(Tak1+/flox) were carried out by standard protocols. The Tak1flox/flox mice were born

and lived normally and they expressed TAK1 protein as expected (data not shown). To

delete the Tak1 allele specifically in T cells, we crossed Tak1flox/flox mice with the Lck-Cre

transgenic mice, which express the Cre recombinase under the control of the T cell-specific

Lck promoter [47]. Southern blotting and PCR showed that the floxed Tak1 alleles were

excised in thymocytes, but not in the tail (Figure 4.1.B & C). Western blotting confirmed

that TAK1 was not detectable in the thymocytes of Lck-Cre/Tak1flox/flox mice, but its

expression level in splenocytes was similar to that in control littermates (Figure 4.1.D).

Surprisingly, the lymph node T cells from Lck-Cre/Tak1flox/flox mice had normal levels of

TAK1, but lacked the expression of Cre, whereas the cells from Lck-Cre/Tak1+/+ mice still

had high levels of Cre expression (Figure 4.1.D). Genomic PCR confirmed the presence of

the floxed Tak1 allele in T cells derived from lymph nodes and blood (data not shown),

http://www.gnuplot.info/
http://www.gnuplot.info/
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indicating that these cells have escaped from Cre-mediated recombination. Thus, the loss

of Cre expression and the retention of the floxed Tak1 alleles in Lck-Cre/Tak1flox/flox mice

likely resulted from counter selection during T cell development in the thymus (see below

and Discussion). For the control groups, we observed no phenotypic difference between Lck-

Cre/Tak1+/+ and Lck-Cre/Tak1floxed/+, indicating that one copy of the Cre transgene did

not have any confounding effect on the functional analyses of the mice. For simplicity, the

Lck-Cre/Tak1flox/flox mice with deletion of the Tak1 alleles are herein referred to as Tak1D

or knockout, whereas the control mice still containing the floxed Tak1 allele are referred to

as Tak1FL or control.

Reduction of Peripheral T cells

We analyzed peripheral B cells (B220+) and T cells (CD3+) in Tak1D and Tak1FL

by FACS. While the percentage of B cells was similar in both genotypes, the percentage

of T cells in the peripheral lymphoid organs, including lymph nodes, spleens and blood,

was significantly lower in Tak1D mice as compared to controls (Figure 4.2.A). This decrease

of T cell percentage was not due to an increase of B cell number because the number of

splenocytes was similar in the knockout and control mice (4.0 ± 1.0 x 108 in Tak1D vs. 4.1

± 0.8 x 108 in Tak1FL; n=5). The decrease of T cell number was not observed in various

control animals, including floxed mice without the Lck-Cre transgene and the Lck-Cre mice

without the floxed Tak1 allele (Figure 4.2.B). The percentage of T cells in the blood of

Tak1D mice was about one-fourth of the control mice (5.9 ±( 1.1% in Tak1D vs. 26.4 ±

1.6% in Tak1FL; n=13). The relative abundance of helper (CD4+) versus cytotoxic (CD8+)

T cells in the blood was similar for both Tak1D and Tak1FL mice (CD4+/CD8+ ratio: 1.2

± 0.2 in Tak1D vs. 1.3 ± 0.2 in Tak1FL; n=6).

TAK1 Is Required for Single Positive Thymocytes

The reduction of T cells in the peripheral lymphoid organs of Tak1D mice may be

due to defective T cell development in the thymus. Intrathymic T cell precursors develop

through several stages before entering the peripheral mature T cell pool [81, 96]. The most

immature cells transit from double negative stage (CD4−CD8−, DN) into double positive
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stage (CD4+CD8+, DP) after completion of beta-selection. DP thymocytes go through fur-

ther selections before committing to single positive cells (CD4+ or CD8+, SP). To determine

if TAK1 is required for thymocyte development, we analyzed the expression of CD4 and

CD8 by FACS. As shown in Figure 4.3.A and Table 4.1, both CD4+ and CD8+ SP thymo-

cytes in Tak1D mice were reduced by approximately 50% as compared to the Tak1FL mice.

In contrast, there was no significant difference in the number of CD4+CD8+ DP thymocytes

between Tak1D and Tak1FL mice. We also analyzed the CD24highCD4−CD8− thymocytes

to examine the transition of thymocytes from DN1 to DN4 (DN1: CD44+CD25−; DN2:

CD44+CD25+; DN3: CD44−CD25+; and DN4: CD44−CD25−). No apparent defect was

observed in any of these developmental stages in Tak1D mice (Figure 4.3.B), consistent with

normal TAK1 protein expression in DN thymocytes in which Lck-Cre was not turned on

until the later stages of DN thymocyte development (data not shown) [16].

To investigate the mechanism underlying the reduction of SP thymocytes in Tak1D

mice, we analyzed the CD69 surface marker, which is expressed on positively selected cells

[127]. As shown in Figure 4.3.C, although Tak1D mice contained fewer CD4+ and CD8+

SP thymocytes, the percentages of CD69+ thymocytes were comparable to those in the

wild type mice, indicating that loss of TAK1 did not compromise the positive selection of

thymocytes. To determine if the maturation of SP thymocytes is affected by the loss of

TAK1, we used FACS to examine the expression of CD24, a surface marker that is gradually

downregulated during maturation of SP thymocytes [106]. As shown in Figure 4.3.D, the

number of CD24low and CD24intermediate CD4+ or CD8+ SP cells was significantly less in

Tak1D than in Tak1FL mice, indicating that the maturation of SP cells was impaired in

Tak1D thymocytes.

Loss of TAK1 Sensitizes Single Positive Thymocytes to Apoptosis

The reduction in the number of SP thymocytes could be due to survival disadvan-

tages in Tak1D thymocytes. To investigate this possibility, we carried out in vitro survival

assay for thymocytes at DP or SP stages. These cells were sorted by FACS and cultured

in vitro with or without anti-CD3ε stimulation. At indicated time points, non-surviving

cells were stained by Annexin-V and analyzed by FACS (Figure 4.4.A). After stimulation
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with anti-CD3ε for 40 hours, both CD4+ and CD8+ SP thymocytes from Tak1D mice had

a significant increase in apoptosis as compared to thymocytes from the control littermates,

as shown by enhanced Annexin-V staining (Figure 4.4.B). In the absence of stimulation,

the SP thymocytes from Tak1D mice also displayed increased Annexin-V staining than

those from the control mice (Figure 4.4.A). In contrast to SP thymocytes, the Tak1D DP

thymocytes were surviving as well as control DP thymocytes in the absence of anti-CD3ε

stimulation. Following stimulation, the number of Annexin-V positive DP thymocytes in

Tak1D mice was slightly less than that of control mice, suggesting that TAK1 might facili-

tate the apoptosis of DP thymocytes. Cell cycle analysis by 7-AAD staining [107] showed

that Tak1D SP thymocytes did not have proliferation defects (data not shown), indicating

that the decrease of SP thymocytes was primarily due to enhanced apoptosis.

TAK1 Is Required for the Activation of NF-κB and JNK

The defective SP thymocyte development observed in Tak1D mice is reminiscent of

the phenotypes observed in mice lacking NEMO or expressing a dominant negative mutant

of IKKβ in T cells [89]. As in vitro and ex vivo studies have suggested that TAK1 is required

for NF-κB activation in T cells [101], we used EMSA to determine if NF-κB activation was

impaired in Tak1D thymocytes (Figure 4.5.A). As reported previously [112], NF-κB is active

in CD4+ or CD8+ SP thymocytes of wild type mice. In contrast, the NF-κB activity was

greatly diminished in the SP thymocytes of Tak1D mice. The DP thymocytes from wild

type mice also exhibited weak NF-κB activity; this activity was not detectable in the DP

thymocytes of Tak1D mice. The loss of TAK1 did not affect the DNA binding of the control

transcription factor Oct-1. Thus, TAK1 is required for NF-κB activation during the normal

development of mouse thymocytes.

To determine if TAK1 is required for the activation of IKK and JNK, we stimulated

thymocytes with PMA and ionomycin, which mimic the stimulation of TCR in T cells

(Figure 4.5.B & C), or with TNFα (Figure 4.5.D). In both cases, the degradation of IκBα

and activation of JNK were severely impaired in thymocytes derived from Tak1D mice,

whereas the activation of ERK occurred normally in these cells. We also examined NF-

κB activation following stimulation of thymocytes with an antibody against CD3ε, which
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crosslinks TCR. As shown in Figure 4.5.E, NF-κB activation was impaired in thymocytes

from Tak1D mice. Finally, we used real time PCR to measure the expression of c-myc,

an NF-κB dependent gene required for the survival of thymocytes [12, 31, 118]. When

thymocytes were stimulated with anti-CD3ε, c-myc was induced by about four fold in the

wild type cells but not in Tak1D cells (Figure 4.5.F). Collectively, these results indicate that

TAK1 is essential for the activation of NF-κB and JNK in thymocytes.

Discussion

In this report, we showed that specific deletion of TAK1 in T cells prevented the de-

velopment of CD4+ and CD8+ single positive thymocytes, resulting in significant reduction

of T cells in the peripheral tissues including lymph nodes, spleens and blood. The defective

development of SP thymocytes was due, at least in part, to the increased apoptosis of these

cells, especially under conditions of anti-CD3 stimulation. We further showed that TAK1

was essential for the activation of IKK, NF-κB and JNK, demonstrating the role of TAK1

in T cell development and activation. Thus, TAK1 is an essential IKK kinase in both innate

and adaptive immunity.

The defective thymocyte development observed in the conditional Tak1D mice is sim-

ilar to the phenotypes of mice lacking NEMO or expressing a kinase-dead mutant of IKKβ

in T cells [89], further supporting the role of TAK1 in IKK activation. However, knock-

outs of some components of the TCR signaling pathway, such as CARMA1, BCL10 and

MALT1, which affect IKK activation in mature T cells, do not severely affect T cell devel-

opment in the thymus [32, 42, 66, 83, 84, 85]. Thus, TAK1 and IKK may be activated by a

TCR-independent signaling pathway in thymocytes. Indeed, NF-κB is constitutively active

during intrathymic development at both DN and SP stages. The constitutive activation of

NF-κB in DN thymocytes is thought to be mediated by pre-TCR, which is assembled after

the rearrangement of TCR β chain during the transition from DN3 to DN4 stages. Pre-TCR

signaling is ligand-independent, and may be initiated by the autonomous oligomerization

of pre-TCR α chain [123]. However, the mechanism underlying the constitutive activation

of NF-κB at the SP stage is currently unknown. As our studies of Tak1D mice have now
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shown that TAK1 is required for IKK and NF-κB activation in SP thymocytes, further

studies should be directed towards understanding how TAK1 is activated in these cells.

Previous studies using transgenic mice expressing an IκBα super-repressor under

the control of the Cd2 promoter have demonstrated that NF-κB is required for the positive

selection of CD8+ thymocytes [48]. Furthermore, it was found that the IκBα transgenic

mice exhibited a developmental block in the transition from DN3 to DN4 thymocytes [112].

However, we did not observe any obvious developmental defect in the DN thymocytes of

Tak1D mice (Figure 4.3.B). A possible explanation for these distinct phenotypes is that

in the IκBα transgenic mice, IκBα can immediately inhibit NF-κB once it is synthesized,

whereas in the Tak1D mice, the TAK1 protein remains in the DN thymocytes until the

endogenous TAK1 is degraded following the induction of Cre and the deletion of the floxed

Tak1 locus. Indeed, immunoblotting experiments showed that TAK1 is present in the DN

thymocytes of Tak1D mice (data not shown). Thus, the role of TAK1 in the early stages of

thymocyte development remains to be determined.

A recent study employing Cd19-Cre to delete Tak1 in B cells showed that TAK1

is required for JNK but not NF-κB activation in response to B cell receptor stimulation

[88]. However, another recent study using chicken DT40 cells to completely remove Tak1

demonstrated that TAK1 is required for both IKK and JNK activation following BCR

stimulation [94]. It is not clear whether these different results reflect the difference of cells

(chicken vs. mouse) or the knockout strategies employed in the studies. It is possible that

the Cd19-Cre-mediated deletion may not be very efficient, resulting in a low level of TAK1

activity that is sufficient for IKK activation, but insufficient for JNK activation. Our current

study shows clearly that TAK1 is required for IKK, NF-κB and JNK activation, at least in

thymocytes.

The defective T cell development in Tak1D mice results in a significant decrease of

mature T cells in the peripheral tissues. In fact, when T cells isolated from the lymph nodes

of Tak1D mice were analyzed, they were found to express TAK1 and lack the expression of

Cre (Figure 4.1.D), implying that only T cells that escape from Cre-mediated excision were

able to emigrate from the thymus and populate the peripheral tissues. The requirement of

TAK1 for the development of mature T cells precludes the analysis of the role of TAK1 in
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the activation of these cells. Conditional deletion of TAK1 specifically in mature T cells,

such as the use of a tamoxifen-inducible Cre, will be required to examine the function of

TAK1 in these cells.

In sum, our results provide the genetic evidence that TAK1 is required for the activa-

tion of IKK, NF-κB and JNK in mouse thymocytes, and that TAK1 plays an essential role

in thymocyte development and activation. These results extend the pivotal role of TAK1

in the innate immune system to the adaptive immune system.
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Figure 4.1 Conditional deletion of Tak1 in mouse thymocytes

(A) Strategies for the generation and deletion of floxed Tak1 alleles. (B) Southern blotting
of genomic DNA after digestion with Nhe I. (C) PCR of genomic DNA isolated from the
tails or thymocytes of the mice as indicated. (D) Western blotting of whole cell lysates from
splenocytes, thymocytes and lymph node T cells. Lysates from 1.6 x 106 cells were loaded
on each lane. In lane 6, lymph node T cells for Lck-Cre/Tak1flox/flox were pooled from 3
mice. The expression of TAK1 and loss of expression of Cre in these cells likely resulted from
the selective expansion of TAK1-expressing cells that escaped from Cre-mediated excision.
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Figure 4.2 Reduction of peripheral T cells in Tak1D mice

(A) Suspension cells from Lymph nodes, spleens and blood were analyzed by FACS using
antibodies against CD3 and B220, respectively. (B) The percentages of CD3+ T cells in
the blood from the TAK1 knockout (Tak1D) mice and their control littermates (n=13).
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Figure 4.3 Defective development of CD4+ and CD8+ single positive

thymocytes in Tak1D mice
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(A) Thymocytes from Tak1D (knockout) and wild type (control) littermates were analyzed
by FACS using antibodies against CD4 and CD8. The percentages of thymocytes at different
stages are shown in the inlet, whereas the absolute number of each type of thymocytes
is shown in Table 4.1. (B) CD24highCD4−CD8− double negative (DN) thymocytes were
analyzed by FACS using antibodies against CD25 and CD44. Different developmental stages
of thymocytes (DN1-4) are indicated on the lower right corner. (C) SP and DP thymocytes
were analyzed for CD69 expression. Percentages of CD69+ populations were 89% in Tak1D

vs. 87% in Tak1FL for CD4+ SP, 60% in Tak1D vs. 64% in Tak1FL for CD8+ SP, and 11%
in Tak1D vs. 10% in Tak1FL for CD4+CD8+ DP. (D) FACS analysis of CD24 expression
in CD4+ or CD8+ SP thymocytes. High expression of CD24 is inversely correlated with
the maturation of SP thymocytes. The results are normalized for the total numbers of
thymocytes.
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Figure 4.4 Survival disadvantage of CD4+ and CD8+ single positive

thymocytes in Tak1D mice

(A) Single positive (SP) and double positive (DP) thymocytes from Tak1D mice (knockout)
or control littermates were purified and sorted by FACS, and then cultured in 96-well plates
coated with an anti-CD3ε antibody or PBS buffer (as a control). Cells were harvested at
indicated time points, incubated with Annexin-V, and then analyzed by FACS. At least
4000 events were analyzed for each sample. Probabilities shown in the diagrams represent
samples stimulated with anti-CD3ε for 40 hours. Inlet shown at the lower right corner is
a typical FACS diagram from CD4+ thymocytes stimulated with anti-CD3ε for 40 hours.
(B) Tabulation of Annexin-V positive thymocytes after anti-CD3ε stimulation.
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Figure 4.5 TAK1 is required for the activation of NF-κB and JNK in

thymocytes
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(A) Electrophoretic mobility shift assays for NF-κB DNA binding activity using whole
cell extracts from single positive or double positive thymocytes isolated from Tak1D mice
(lanes 1, 3 & 5) or control littermates (lanes 2, 4 & 6). In the bottom panel, the same
extracts were assayed for DNA binding of the constitutive transcription factor Oct-1. (B)
Thymocytes were stimulated with PMA (100 ng/ml) and ionomycin (200 ng/ml) for the
indicated time periods, and then cell lysates were harvested for analysis by immunoblotting
using antibodies specific for IκBα, phosphorylated JNK or ERK, or tubulin (as a loading
control). (C) Thymocytes were stimulated with PMA and ionomycin as described above,
and then the IKK complex was immunoprecipitated using a NEMO specific antibody. IKK
activity was measured using GST-IκBα-NT (N-terminus) and γ-32P-ATP as the substrates.
Aliquots of the immunoprecipitated complexes were subject to immunoblotting using an
antibody against IKKβ. (D) Thymocytes were stimulated with TNFα for the indicated
time periods, and then cell lysates were harvested for analysis by immunoblotting using
antibodies specific for TAK1, IκBα, phosphorylated JNK, or tubulin. (E) Thymocytes were
incubated with PBS or plate-bound anti-CD3ε for 16 hours and then whole cell extracts
were prepared for analyses of NF-κB or OCT-1 DNA binding by EMSA. The same extracts
were also subjected to immunoblotting with an antibody against p65. (F) Thymocytes from
Tak1D mice or control littermates were incubated with PBS or plate-bound anti-CD3ε for
20 hours before total RNA was extracted for real time PCR analyses. Two mice were used
in each group. The c-myc expression levels were normalized to the levels of β-actin. The
error bars indicate standard errors.
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Tables

Table 4.1 Comparison of thymocyte numbers in Tak1D (knockout) mice
and control littermates.



chapter five
Perspectives

In this chapter, I would like to provide more perspectives to my thesis work. For

the part of BTB-kelch proteins, corollaries from the structural observations would be dis-

cussed. For the part of TAK1 kinase, more issues about lymphocyte development and

NF-κB activity would be addressed.

BTB-kelch Proteins

Keap1 is the most well studied BTB-kelch protein. It is an adaptor to Cullin3-

mediated ubiquitination and degradation of the Nrf2 transcription factor [24, 51, 125].

Structurally the kelch domain of Keap1 has been resolved [55, 69]. Results from those

investigations might provide useful hints for further understanding of KLHL6 and mKelch.

Structural Hints

The crystal structure of the kelch domain of Keap1 is a six-bladed β-propeller. Each

blade has four strands linked by out-reaching loops. An interesting feature is a positively-

charged surface at the bottom, which is contributed by several Arginine and Histidine

residues on the connecting loops between strand 2 and 3 or strand 4 and 1 of various

blades. Many of the residues are also responsible for protein-protein interaction to the

ETGE motif on Nrf2 [69]. Interestingly the same surface binds to another region on Nrf2

at a lower affinity as well [108]. Therefore stoichiometry between Keap1-Nrf2 interaction is

possibly a dimer to monomer relationship [108], which corresponds well to the dimerizing

function of the N-terminal BTB domain of Keap1. Another biochemical study has also

documented the two-to-one stoichiometry between Keap1 and Nrf2 [33].

Hypothesis: Combinatorial Kelch Codes by BTB Dimerization

The interaction between Keap1 and Nrf2 is contributed to a major extent by electro-

static forces with low specificity, which is much enhanced by a two-site recognition scheme
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plus stereotactic stringency by dimerized Keap1 [108]. Potentially the BTB domain can do

heterodimerization in addition to homodimerization [7]. Different kelch domains with low

specificity could be assembled into a high specificity adaptor by BTB dimerization. Assum-

ing all BTB-kelch proteins are adaptors for Cullin3-based E3, a single kelch domain could

be used for different substrates; in the mean while, various combinations of kelch domains

could achieve high specificity for lots of protein substrates. It would be an efficient use

of genome space for efficient and specific protein degradation. A recent paper documented

interaction between KLHL12 and KLHL21 in a pull-down experiment, both of which belong

to BTB-kelch proteins [5]. However, the authors did not analyze their binding relationship

further.

Hypothesis: Localization by BACK Domain

The BACK domain was found to bridge the N-terminal BTB domain and the C-

terminal kelch domain in a bioinformatic study [99]. So far there have been no defined

functions for this domain. However, several sulfhydryl groups which are suggested to sense

oxidants for Keap1 do reside on this segment [29]. In the literature, the interaction between

BTB and Cullin3 seems not under regulation. For example, KLHL12 binds to Cullin-3 in a

constitutive manner [5]. There has been no evidence for conditional interaction between the

kelch domain and its cognate substrates, either. Therefore the decision between degradation

or not for relevant substrates very likely depends on the BACK domain. One possible

mechanism is to approximate the whole complex to the vicinity of proteasomes. In the case

of Keap1, oxidized BACK domain might lose the approximation to proteasomes and thus

increase the level of Nrf2. Alternatively, the BACK domain might control the approximation

between the BTB-kelch adaptor and its cognate substrate. For example, KLHL12 reaches

Dishevelled in a Wnt-dependent manner [5].

TAK1 in B Cell Development and Activation

The role of TAK1 in B cells have been investigated by crossing floxed Tak1 mice

to the CD19::Cre strain [77]. During the breeding period, a similar study in B-cell specific
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knockout of Tak1 was published [88].

B Cell Activation

NF-κB is activated by BCR stimulation through CARD11, BCL10, and MALT1

[see review 104]. The importance of TAK1 in this cascade is suggested by a study of Jurkat

T cells in which TCR stimulation leads to NF-κB activation via the same adaptor complex

upstream of TAK1 [101]. Unexpectedly, Tak1-null murine B cells were still able to activate

the NF-κB pathway after anti-IgM stimulation in vitro (Figure 5.1). However, a DT40 cell

line based study confirmed instead the essential role of TAK1 in NF-κB activation after BCR

stimulation [94]. It is unknown if this discrepancy resulted from different species (mouse

vs. chicken) or from different TAK1 residual levels (incomplete knockout vs. complete

knockout).

B Cell Development

B cells develop through several stages from bone marrow to the periphery [see review

10]. Unlike T cells, loss of TAK1 seemed not important for B cell development (Figure 5.2).

Similar results were also found in the published study [88].

TAK1 for Regulatory T Cells, Double Positive Thymocytes,

and Peripheral T cells

Another study of TAK1 in T cells has been published recently [115]. In addition to

reduced mature T cells, the authors noted compromised development of regulatory T cells,

severe disadvantage for Tak1-null double positive thymocytes in a competitive bone marrow

transplantation experiment, and intact NF-κB activation among Tak1-null effector T cells.

Regulatory T Cells

Regulatory T cells is a subset of CD4+ cells which are important for maintaining

self-tolerance and immune suppression [see review 36]. In Wan’s study [115], loss of TAK1
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was accompanied by compromised development of regulatory T cells. However, my studies

did not find either reduced CD4+CD25+ regulatory T cells in the thymus (Figure 5.3)

or enlarged spleens as observed by Wan et al [57]. A possible explanation could be due

to different Cre lines in both studies; Wan used CD4::Cre in their study while I adopted

Lck::Cre in my study. It seemed that CD4::Cre-induced nullity of Tak1 had different effects

on CD4 or CD8 single positive (SP) thymocytes (CD4 SP around 40% of controls and CD8

SP around 16% of controls). In my study, both CD4 and CD8 SP thymocytes were reduced

to around half in knockout mice. Therefore the possibility could not be ruled out that Wan’s

observation on regulatory T cells were due to biased impacts upon CD4-bearing thymocytes

by CD4::Cre rather than a direct result of nullity of Tak1 itself.

Double Positive Thymocytes

Wan et al. also used competitive transplantation of bone marrow cells to demonstrate

developmental abnormality for Tak1-null thymocytes at the double positive stage. However,

the phenotype seemed so severe that only 6% double positive thymocytes came from null

donors after 8 weeks. The authors did not provide sufficient negative controls such as

relative percentages of B cell population after the 8-week period, or relative contributions

of bone marrow stem cells from both control and null donors after the 8-week engraftment.

If the Tak1-null double positive thymocytes do have such severe survival disadvantages, the

thymocytes which escape from the Cre excision would have the same advantages in Wan’s

knockout animals. However, even genomic PCR for CD4 single positive thymocytes from

null animals did not detect intact floxed alleles in their study. More experiments would be

needed in evaluating the impacts on double positive thymocytes in the absence of TAK1.

Peripheral T Cells

By treating floxed T effector cells with Cre-expressing viruses, Wan et al. could eval-

uate TAK1 functions among peripheral effector cells. Notably TAK1 level was not knocked

down satisfactorily by this approach. Nevertheless, the authors did see compromised JNK

activation but relatively intact IκBα degradation after PMA/Ionomycin stimulations. I

myself tried to get Tak1-null peripheral näıve T cells by using Tamoxifen-inducible Cre
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[6]. Though TAK1 was knocked down to some extent, IκBα degradation was still intact

after PMA/Ionomycin stimulation (data now shown). Because TAK1 was not completely

knocked out in both Wan’s study and my own trial, it would be difficult to make a convincing

statement about the contribution of TAK1 in activating NF-κB pathway upon peripheral

T cells.

NF-κB Activation in Thymocyte Development

NF-κB pathway is activated several times along the developmental stages for T

cells [see review 23]. In conditional knockout of IKKβ or IKKγ, thymocytes fail to survive

beyond the single positive stage [89]. Similar phenotypes were observed in my conditional

knockout of TAK1. In addition, Tak1-null thymocytes failed to activate IKK complex after

PMA/ionomycin stimulation. Therefore TAK1 is upstream of IKK complex in activating

NF-κB during thymocyte development. An interesting observation is that positive selections

are not affected in Tak1-null thymocytes as CD69 selection markers were expressed normally

among single positive cells from knockout animals. Negative selections appeared not to be

affected, either, because thymocyte numbers were very similar, and TUNEL stain did not

show apparent differences (data not shown). With these arguments, it is worth considering

more carefully about the relationship between selections and NF-κB activation.

NF-κB Activation vs. Thymocyte Selections

Previous studies suggested that NF-κB activation is necessary for positive selection

of thymocytes [105]. In that study, a superinhibitory IκB was expressed under CD2 promo-

tor. CD69+ thymocytes were reduced, but total thymocyte numbers were nearly doubled in

the transgenic mice. Therefore the absolute number of CD69+ thymocytes were roughly the

same between mutant and control mice. Actually the phenotype of increased thymocytes

was not observed in other in vivo knockout studies, including conditional ablation of IKKβ,

IKKγ, or TAK1. A possible explanation was mutant IκB had helped immature thymocytes

bypass earlier checkpoints, such as pre-TCR at double negative stages. Therefore many

of ’inappropriate’ thymocytes at double positive stage failed to pass positive selection not



106

because of loss of NF-κB activation but because of doomed failure inherited from earlier

checkpoint escape. Those which should pass the selections still succeeded so the absolute

numbers of CD69+ thymocytes were actually similar.

Another example in favor of uncoupling TCR-induced NF-κB activity from TCR-

centered selections came from the knockout study of CARD11 [42]. CARD11 is essential for

TCR-induced NF-κB activation for both immature thymocytes and peripheral T cells. How-

ever, neither positive selections nor negative selections were impaired in CARD11 knockout

animals. Nevertheless, the authors clearly demonstrated impaired NF-κB activation for

both immature and mature T-lineage cells after TCR stimulation. Therefore it would be

plausible that TCR-induced NF-κB activity is not essential for TCR-centered selections, at

least not in a TCR-autonomous manner.

Rescue of Tak1-null Thymocytes

Apparently NF-κB activity is essential for thymocytes to pass through the

single positive stage during development [57, 115]. However, TCR-induced NF-κB activity

seems not required for thymocyte development [42]. It would be possible that NF-κB

activity at the single positive stage was actually induced by other receptors. A recent paper

which conditionally knocked out TAK1 in epidermis with resultant apoptosis was rescued

by abolishing TNFα receptor 1 [68]. A similar developmental scenario could possibly be

applied to single positive thymocytes as well.

Stimulated TNFα receptors initiate both NF-κB activation and apoptotic cascades

[see review 61]. Without the balance from NF-κB activity, cells would be prone to death

after TNFα stimulation. RIP is an important death domain kinase mediating NF-κB ac-

tivation for TNFα receptors. In a reconstitution experiment, Rip-null hematopoietic stem

cells failed to populate the recipient with donor T cells unless TNFα receptor 2 was knocked

out [25]. Another reconstitution experiment with IKKβ-null cells could have mature T cells

only after TNFα receptor 1 was also knocked out [92]. Based on these observations, the

survival disadvantage for Tak1-null thymocytes could possibly be reversed by abolishing the

TNFα pathway as well.

If that was the scenario, could there be any functional coupling between TCR and
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TNFα receptors? Alternatively, could there be an independent biological role for TNFα

activity at that particular stage? There has been a report of increased hyperinflammatory T

cells in knockout mice of TNFα receptor 1 [34]. Actually treatment with TNFα inhibitors

among patients with rheumatoid arthritis could induce the development of anti-double

strand DNA antibodies significantly [35]. A plausible role for TNFα as an independent

selection factors for T cell development could not be ruled out.
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Figure 5.1 TAK1 is not required for NF-κB activation among periph-

eral B cells

(A) Splenic näıve B cells and thymocytes of Tak1 floxed mice carrying CD19::Cre were sub-
ject to Western blotting. TAK1 level was much lower among splenic B cells from knockout
mice, but not among thymocytes of the same animal. Tubulin was used as loading controls.
(B) Lymph node näıve B cells were subject to anti-IgM stimulation. Whole cell lysates were
used for gel shift assay. Shift by NF-κB binding in knockout mice was comparable to that
in controls. Gel shift by Oct-1 binding was used as loading controls.
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Figure 5.2 TAK1 is not important for B cell development

(A) Bone marrow B lineages were characterized by anti-IgM and anti-B220 two color FACS.
Fraction D contains Pro-B and Pre-B cells. Fraction E contains immature B cells, and
fraction F contains mature B cells. (B) Splenic B lineages were characterized by anti-
IgM and anti-IgD two color FACS. B cells mature from IgMhighIgDlow, IgMhighIgDhigh, to
IgMlowIgDhigh. Inlets denote percentages.
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Figure 5.3 Regulatory T cells are preserved in Tak1-null thymocytes

by Lck::Cre-induced excision of Tak1

Regulatory T cells in the thymi were characterized by anti-CD4 and anti-CD25 two color
FACS. Each genotype comprised of three mice. There were no differences for CD4+CD25+

regulatory T cells. Inlets denote percentages.
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