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Promoter Knock-In Mutations Reveal a Role of Mcl-1 in
Thymocyte-Positive Selection and Tissue or Cell
Lineage-Specific Regulation of Mcl-1 Expression’

Chia-Yu Yang,* Nai-Hui Lin,” Jan-Mou Lee,” Ching-Yu Huang,* Hsiang-Ju Min,*
Jeffrey Jong-Young Yen,*7 Nan-Shih Liao,*'* and Hsin-Fang Yang-Yen?*"$

We previously demonstrated that IL-3 stimulates transcription of the antiapoptotic gene mcl-1 via two promoter elements des-
ignated as the SIE and CRE-2 sites. To further study the functional role of these two DNA elements, mutant mice with targeted
mutations of both SIE and CRE-2 sites (SC mutants) were generated. Homozygous SC mutants manifested a markedly reduced
level of Mcl-1 in thymus but not in other major organs such as spleen, liver, lung, or heart. Reduced expression of Mcl-1 in SC
mutant thymus resulted in attenuated positive selection of double-positive thymocytes into both CD4 and CDS lineages, a result
likely due to reduced survival of SC mutant double-positive thymocytes that were supposed to be positively selected. In contrast,
in the peripheral lymphoid organs, only CD8* but not CD4* T cells were significantly reduced in homozygous SC mutant mice,
a result consistent with a more dramatic decrease both of Mcl-1 expression and cell viability in mutant CD8" compared with
mutant CD4* T cells. Impaired T cell development and peripheral CD8* lymphopenia in homozygous SC mutant mice were both
cell autonomous and could be rescued by enforced expression of human Mcl-1. Together, the promoter-knock-in mouse model
generated in this study not only revealed a role of Mcl-1 in thymocyte-positive selection, but also uncovered that Mcl-1 expression

is regulated in a tissue or cell lineage-specific manner. The Journal of Immunology, 2009, 182: 2959-2968.

cl-1, a member of the Bcl-2 family protein, was origi-
M nally identified in the ML-1 human myeloid leukemia

cell line that underwent phorbol ester-induced differen-
tiation (1). Mcl-1 is widely expressed in various tissues and cell lin-
eages, and a great number of studies indicate that Mcl-1 plays an
apical role in many cell survival and death pathways (2). Mcl-1 de-
ficiency results in embryonic lethality at the peri-implantation stage
(3). Conditional knock-out approaches have thus been used to assess
Mcl-1 functions in other tissues. Using this approach, Mcl-1 has been
shown to be essential for the survival of many cell types in the he-
matopoietic system, including hematopoietic stem cells, lymphoid
precursors, mature T and B lymphocytes, and neutrophils (4—6).

T cell progenitors arise from the bone marrow and migrate into the
thymus to become early committed T cells that lack expression of
TCR, CD4, and CDS8. These cells are termed double-negative
(DN)? thymocytes (7). DN thymocytes then develop in an ordered
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progression and mature into the CD4CD8™ double-positive (DP)
stage (8). At this stage, immature DP thymocytes expressing
unique TCRs are tested individually by two selection processes
that eliminate cells whose TCRs either cannot recognize self pep-
tide/MHC complex (positive selection) or react too strongly (neg-
ative selection). These two selection processes ensure that most DP
thymocytes selected to differentiate into CD4 single-positive (SP)
or CD8SP thymocytes, and eventually peripheral T cells, can re-
spond properly when encountering foreign peptides in the context
of self MHC in the periphery (8—10). Many Bcl-2 family members
have been shown to play a role in T cell development. Deletion of
Bcl-2 resulted in rapid loss of thymocytes and naive T cells (11,
12); Bel-xL is required for the survival of DP thymocytes (13—-15)
and Bim is essential for thymocyte negative selection (16, 17).
Mcl-1 plays an important role in the survival of DN and SP thy-
mocytes (6, 18). Whether Mcl-1 is also involved in other stages of
T cell development, e.g., the DP to SP transition, is still not clear.

Mcl-1 expression is stimulated by a variety of cytokines (IL-3,
IL-5, IL-6, IL-7, IL-15) and growth factors (GM-CSF, vascular
endothelial growth factor, epidermal growth factor) (6, 19-23).
Activation of Mcl-1 expression by IL-3 is mainly regulated at the
transcriptional level (20). Further analysis indicated that IL-3-stim-
ulated transcription of the mcl-1 gene in a bone marrow-derived
cell line is mediated through two upstream DNA motifs located at
positions —87 (the SIE site) and —70 (the CRE-2 site), respec-
tively (24). Interestingly, these two promoter elements can each
confer IL-3 inducibility on a heterologous promoter, but work ad-
ditively in mediating IL-3 response via two distinct signaling path-
ways (24). The CRE-2-binding complex containing the CREB pro-
tein is induced and activated by IL-3 via activation of the PI3K
(PI3K)/Akt-dependent pathway, whereas IL-3 stimulation of mcl-1
gene transcription through the SIE motif involves phosphorylation
of a hematopoietic cell-specific transcription factor PU.1 by a
p38MAPK_dependent pathway (25). The initial aim of this study
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was to investigate the functional roles of these two DNA motifs
inside an animal system. Unexpectedly, mutations of these two
DNA elements turned out to generate mutant mice (hereinafter
referred to as SC mutant mice) that manifested a hypomorphic
phenotype only in selective cell types such as those in the thymus.
The markedly reduced expression of Mcl-1 in the thymus of the
SC mutant mice provided a novel mouse model to study detailed
roles of Mcl-1 during thymocyte development, which cannot be
achieved with previously published Mcl-1 knock-out models (3, 6,
18). In this study, we demonstrate that Mcl-1 plays a role in thy-
mocyte-positive selection. In addition, we demonstrate that Mcl-1
expression is regulated in a tissue or cell type-specific manner.

Materials and Methods

Generation of SC mutant mice

To generate SC mutant mice, two overlapping genomic fragments harbor-
ing the mcl-1 gene locus were isolated from a 129/Svj mouse genomic
library and used to construct the targeting vector. This vector, after ho-
mologous recombination, introduced a floxed Neo marker and two clus-
tered mutations into the SIE (" *TTACGGGAAGTC %) and CRE-2 sites
(""’"CTGCGTCAGCAC ) of the mcl-1 gene locus (24). For the CRE-2
motif, the introduced mutation generated a new EcoRI site (~’’CTG
GAATTCCAC %), whereas that of the SIE site became a BamHI recog-
nition sequence (~**TTAGGATCCGTC *%). This targeting vector was
electroporated into R1 embryonic stem cells, and Southern blotting using
probe 1 or 2 as depicted in Fig. 1A was conducted to select clones that had
undergone homologous recombination at the mcl-1 locus. Two positive ES
cell clones (no. 45 and no. 130) were microinjected into C57BL/6 blasto-
cysts to generate chimeric mice. Male chimeric mice were backcrossed
with C57BL/6 females to generate heterozygous mice. To remove the Neo
cassette in the targeted allele, heterozygous mice were mated with Ella-
CRE transgenic mice (26) (originally in FVB/N background but back-
crossed to C57BL/6 for more than seven generations, a gift provided by
Ying-Hue Lee at IMB, Academia Sinica, Taipei, Taiwan). Mice used in this
study were backcrossed to C57BL/6 for at least seven generations after re-
moval of the Neo marker. To genotype mice with a PCR method, common
primer 3 (p3), wild-type (WT)-specific primer 4 (p4) and mutant-specific
primer 5 (pS) were mixed together in the same reaction, which would gen-
erate 825- and 900-bp DNA fragments for the WT and SC mutant alleles,
respectively. The extra 75 bps for the mutant allele was due to the presence
of a 34-bp loxP site and some remaining restriction sites after removal of
the Neo marker. In some cases, primers 6 and 7 (p6 and p7) were used to
genotype both WT and SC mutant alleles (WT, 850 bps; SC, 925 bps). The
sequences of primers mentioned above are as follows: P3, 5'-TCTTC
CCTCTTCCCGCACGG-3'; P4, 5'-GGAAGTCCTCGCCTGCGTCA-3";
P5, 5'-GATCCGTCCTCGCCTGGAAT-3"; P6, 5'-CTGCGGCGTC
CGACCATG-3', and P7, 5'-CTCTCCCGGCTCTAGAGCAG-3'. All an-
imal experiments were performed in accordance with the guidelines set by
Academia Sinica Institutional Animal Care and Utilization Committee.

Flow cytometry

Thymocytes, splenocytes, or cells from lymph nodes were separated into
single-cell suspensions and one million cells were used for each set of
staining using various combinations of cell surface markers. Data were
collected on either FACSCalibur or LSRII with CellQuest or FACSDiva
software, respectively (BD Biosciences) and analyzed using FlowJo soft-
ware (TreeStar). The following mAbs conjugated to PE, FITC, allophyco-
cyanin, PE-Cy7, or pacific blue (from eBioscience or BD Pharmingen)
were used for cell surface staining: CD4 (GK1.5), CD8« (53-6.7), TCR-f3
(H57-597), CD69 (H1.2F3), CD5 (53-7.3), HSA (30-F1), B220 (RA3-
6B2), CD3e (145-2C11), TCR-a2 (B20.1), TCR-B5 (MR9-4), NKI.1
(PK136), TER119 (TER-119), Gr-1 (RB6-8C5), CDl1lb (M1/70),
H-YTCR (T3.70), CD25 (PC61.5), and CD44 (IM7).

Human Mcl-1 (hMcl-1) transgenic mice

hMcl-1 transgenic mice (in C57BL/6 background) were generated by a
standard protocol using a transgenic construct in which the human Mcl-1
cDNA was driven by the RNA polymerase II promoter (27). Line no. 30,
which manifested the highest level of expression among various lines, was
used in this study.
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FIGURE 1. Targeted mutation of the mouse mcl-I genomic locus. A,
The structures of the WT, targeting vector, and recombinant allele are
shown together with some relevant restriction enzyme sites (E, EcoRI; B,
BamHI; X, Xbal; S, Smal). Mutant SIE (mSIE) and CRE-2 sites (mCRE-
2), probes 1 and 2 and the predicted length of EcoRI or BamHI restriction
fragments in Southern blot analysis are as indicated. B and C, Southern blot
analysis of genomic DNA extracted from the indicated mouse tail and
digested with BamHI (B) or EcoRI (C) and probed with the probe 2. D,
Representative PCR genotypic analysis using primers p3 and p4 for the
WT (wt, 825 bp), and p3 and p5 for the SC mutant allele (SC, 900bp). E,
Genotype analysis of offspring from Mcl-1"/5 intercrosses.
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Immunoblotting

Thymocyte or lymph node subpopulations were purified by cell sorter or
magnetic beads. Purified subsets were lysed and analyzed by immunoblot-
ting using Ab specific to mouse Mcl-1 (28), hMcl-1, Bcl-xL, Bax, Bcl-2
(all from Santa Cruz Biotechnology), Bim (ProSci), or B-actin
(Sigma-Aldrich).

RNA isolation and quantitative real time RT-PCR

RNA was extracted from sorted cell populations using TRIzol reagent (In-
vitrogen). One to two micrograms of RNA was used as template for the
production of cDNA through reverse transcription. Quantitative real-time
PCR was performed in triplicate with TagMan universal PCR mastermix
and mouse mcl-1 or hypoxanthine phosphoribosyltransferase (HPRT)-spe-
cific primers and analyzed on an ABI Prism 7900 sequence detector (Ap-
plied Biosystems). Data were captured and analyzed using Sequence De-
tector software. Mcl-I mRNA levels were standardized to that of the
housekeeping control gene HPRT.

Bone marrow chimeras

Bone marrow cells from WT or SC mutant mice were depleted of B220™
and CD3" subpopulations and three million of these cells were injected
into the lateral tail vein of sex-matched, 6- to 8-wk-old C57BL/6J-Thyl.1
recipient mice that were lethally irradiated with 1000 rad gamma-irradia-
tion. Chimeric mice were analyzed 8—10 wk after reconstitution.
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Determination of the homing efficiency of CD8SP or lymph
node CD8" T cells

Homing efficiency was determined according to a published protocol (29)
with some modifications. In brief, mature CD8 SP thymocytes or lymph
node CD8™ T cells purified from WT or SC mutant mice were labeled with
0.1 uM 5-chloromethylfluorescein diacetate (CMFDA), 20 uM 7-amino-
4-chloromethylcoumarin (Molecular Probes), or 2 uM PKH-26 (Sigma-
Aldrich) according to the manufacturer’s protocol. Labeled cells from each
group were mixed in equal numbers in PBS and an aliquot of this mixture
was analyzed to confirm the preinjection ratio of SC mutant to WT cells.
Two to four million cells from this cell mixture were injected into the tail
vein of normal mice. Sixteen hours after injection, lymph nodes and
spleens from recipients were analyzed by flow cytometry for the presence
of SC or WT cells. The ratio of SC mutant to WT cells recovered from each
organ was normalized to the ratio of cells in the preinjection mixture. To
minimize any possible bias from a specific labeling dye, control and mutant
cells reverse-labeled with the indicated two dyes were always included in
every set of experiment.

In vivo cell survival assay

Mature SP thymocytes or lymph node T cells (CD4 or CDS lineage) were
purified from WT or SC mutant mice and labeled with CFSE (carboxy-
fluorescein diacetate, succinimidyl ester) (Molecular Probes) for 10 min at
37°C. Two to four millions of labeled cells were i.v. injected into the tail
vein of normal recipient mice. Five days after injection, lymph nodes and
spleens from the recipient mice were analyzed for the presence of CFSE-
labeled cells. In some cases, purified control or SC mutant lymph node T
cells (both were Thy1.2") were transferred into C57BL/6J-Thy1.1 recipi-
ent mice. Five days after injection, the peripheral lymphoid organs of re-
cipient mice were analyzed for the presence of Thy1.2", donor CD4 ", or
CD8" T cells.

Statistical analysis

Statistical analysis was performed with two-tailed Student’s ¢ test using the
GraphPad Prism 4.0 software.

Results

Targeted mutation of the mouse mcl-1 genomic locus

To understand the functional roles of the SIE and CRE-2 motifs
located in the mouse mcl-/ gene promoter inside an animal
system, mutant mice carrying an mcl-I mutant allele (SC mu-
tant) with both motifs mutated were generated in this study (see
Materials and Methods). Mutant mice generated in this way
harbored a mutant mcl-1 allele whose SIE and CRE-2 sites were
replaced with BamHI and EcoRI sites, respectively, and a loxP
site plus a few restriction enzyme sites (41-bp long) inserted into
the 1st intron of the mcl-1 gene locus (Fig. 1A). As a control, we
also generated another mc/-1 mutant allele (termed wt-loxP) whose
structure is identical with the SC mutant allele except that both SIE
and CRE-2 sites were still in a WT configuration (see supplemen-
tal Fig. S1).* Southern blotting and PCR analysis were used to
confirm the genotypes of offspring from intercrosses between het-
erozygous SC mutant mice (Fig. 1, B—D) or between heterozygous
wt-loxP mice (supplemental Fig. S1).

Defective T cell development in SC mutant mice

Homozygous SC mutant mice (hereinafter, all such homozygous
mutants were referred to as SC mutant mice) were born at a ratio
that was close to the Mendelian frequency (Fig. 1E) and survived
to the adulthood without any obvious physical abnormalities. Im-
munoblotting analysis revealed that Mcl-1 expression in SC mu-
tant mice was markedly reduced (~90%) in thymus (Fig. 2A and
supplemental Table I), but was only marginally or not affected in
various other major organs examined, including liver, heart, lung
and spleen (Fig. 2A). The tissue-specific reduced expression of
Mcl-1 in SC mutant mice was due to the introduced mutations at

+The online version of this article contains supplemental material.
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the mcl-1 gene promoter, because Mcl-1 expression was not dis-
turbed in the thymus of homozygous wt-loxP control mice (sup-
plemental Fig. S1D).

Immunoblotting analysis indicated that Mcl-1 expression was
reduced in all thymocyte subsets (DN, DP, CD4SP, and CD8SP)
sorted from SC mutant mice, compared with those from control
littermates (Fig. 2B). We next examined whether there might be
any defect in the thymic development of SC mutant mice. Total
thymic cellularity was similar in WT and SC mutant mice. Flow
cytometric analysis indicated that there was a slight but consistent
decrease of DN, CD4SP, and CDS8SP cells in these mutant mice
(Fig. 2, C and D). Further analysis of lineage-negative (CD4~
CD8™ B220™ CD3™ NK1.17 TER119™ Gr-1~ CD11b™) DN thy-
mocytes indicated that both DN1 (CD25-CD44™) and DN2
(CD25"CD44™") subpopulations were significantly reduced in SC
mutant mice, whereas a marginal or no significant reduction was
observed for mutant DN3 (CD257CD447) and DN4
(CD257CD447) subsets (Fig. 2, E and F).

Mcl-1 is essential for positive selection of both CD4 and CD8
lineages

Next, we examined whether the reduction of SP thymocytes in SC
mutant thymus was due to a defect in positive selection. To address
this issue, we first examined whether the proportion of DP thymo-
cytes undergoing positive selection, i.e., expressing high levels of
maturation markers, such as TCR-B and CD69, was altered in
mutant mice. As shown in Fig. 34, 3.48 * 0.08% mutant DP
thymocytes expressed high levels of TCR-8 (TCR-B"="), com-
pared with 4.30 = 0.05% in control cells (n = 9). Similar reduc-
tion was also observed for another maturation marker CD69
(6.26 = 0.09% in SC mutant v.s. 8.38 = 0.10% in WT). These
results suggest that the proportion of DP thymocytes that undergo
positive selection is reduced in SC mutant compared with WT
mice. Of note, those DP cells that were positively selected and
matured into TCR-B"2"CD4SP or TCR-B"="CDS8SP thymocytes
in SC mutant mice had normal expression levels of all maturation
markers examined including CDS5, HSA, CD3, and CD69 (data not
shown).

To further address the role of Mcl-1 in positive selection, control
or SC mutant mice were bred to express transgenic TCRs that
recognize specific Ags presented in the context of MHC class I or
II. To examine positive selection of the CD4 lineage, control or SC
thymocytes expressing the OT-II TCR were analyzed. The OT-II
TCR (using the Va2 and V35 gene segments) recognizes the OVA
peptide 323-339 presented by MHC class 1T I-A® (30). As shown
in Fig. 3, Bi and Bii, SC mutant mice expressing OT-II TCR (SC/
SC-OT-1I) had reduced percentages and absolute numbers of
TCRVa2 TCRVB5™e" DP and CD4SP thymocytes, compared
with control mice expressing the same TCR (+/+-OT-II). Lymph
node TCRVa2 TCRVB5™e" CD4™ T cells were also significantly
reduced in SC/SC-OT-II mice (Fig. 3Biii). These results suggest
that positive selection of the CD4 lineage is defective in SC
mutant mice.

We next examined whether there was any defect in positive
selection of the CD8 lineage. To address this issue, control or SC
mutant mice were crossed with transgenic mice expressing an
afSTCR that recognizes a peptide from the male Ag H-Y, pre-
sented by H-2D" class I MHC molecules (31). Positive selection of
the CDS lineage in the H-Y TCR transgenic mice was evaluated in
the female mice. As shown in Fig. 3, Ci and Cii, SC mutant fe-
males expressing the H-Y TCR (SC/SC-HY) had reduced percent-
ages and absolute numbers of DP and CD8SP thymocytes in the
T3.70"e" (H-Y TCR"*#")-gated population, compared with control
mice expressing the same TCR (+/+-HY). Lymph node T3.70"b
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CD8™ T cells were also significantly reduced in SC/SC-HY fe-
males (Fig. 3Ciii). These results suggest that positive selection of
the CDS8 lineage is also defective in SC mutant mice.

Next, we examined what role Mcl-1 may play in positive selec-
tion. We first examined whether Mcl-1 might affect thymocyte
proliferation. BrdU pulse-labeling experiment indicated that
reduced Mcl-1 expression in SC mutant thymus did not impair
thymocyte proliferation (supplemental Fig. S2). In fact, a slightly
increased proliferation rate was observed in mutant thymocytes, a
result likely due to compensation for peripheral lymphopenia in
SC mutant mice (see Fig. 4). We next examined whether Mcl-1
might affect TCR-a rearrangements. To address this issue, we
measured the relative level of Ja61 signal end break in control and
SC mutant DP thymocytes as a way to assess their endogenous
TCRa rearrangements (32). The result shown in supplemental Fig.
S3 indicated that the level of Ja61 signal end break was not sig-
nificantly affected in SC mutant mice with or without expressing
OT-1II or H-Y TCR, suggesting that decreased Mcl-1 expression in
SC mutant thymocytes does not affect TCR-a rearrangements
per se.

We next examined the possibility that defective positive selec-
tion was due to increased apoptosis of SC mutant DP thymocytes

that were supposed to be positively selected. It is difficult to com-
pare a subtle difference in the apoptotic rate between control and
SC mutant DP thymocytes that are undergoing positive selection,
as apoptotic cells are rapidly cleared by resident macrophages in
the thymus. We therefore took an indirect approach to address this
issue. First, control or SC mutant mice were injected with anti-
CD3 Ab to activate TCR on DP thymocytes. The results shown in
supplemental Fig. S4A indicate that SC mutant DP thymocytes
were much more susceptible to anti-CD3-induced cell death than
control thymocytes in vivo. Next, an in vitro “die of neglect” assay
was conducted, and the result showed that SC mutant DP thymo-
cytes lost viability significantly faster than control DP cells in a
growth medium supplemented with serum only (Fig. S4B). Third,
we examined the deletion of H-Y TCR transgenic thymocytes in
control or SC mutant males expressing the H-Y TCR (+/+-HY or
SC/SC-HY). As shown in Fig. S4C, a slightly but consistently
more reduction both in the percentage and the absolute number of
T3.70" DP as well as CD8SP thymocytes was observed in SC/
SC-HY compared with control males. This result indicates that
deletion of H-Y TCR transgenic DP thymocytes is slightly more
prominent in SC/SC-HY than in control males. Taken together,
these results support the possibility that defective positive
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FIGURE 3. Defective positive selection in SC mutant mice. A, Thymocytes from Mcl-1"" or Mcl-15/5¢ mice were stained for CD4, CDS8, and TCR-$
or CD69 and analyzed by flow cytometry. Histograms show representative TCR-3 and CD69 staining profiles on gated DP thymocytes. Numbers indicate
percentage of cells in the gated population. Right panels next to each pair of histograms are results from analysis of nine mice for each genotype. B, Positive
selection of the CD4 lineage was analyzed in mice expressing OT-II TCR. Thymocytes from WT or SC mutant mice expressing OT-II TCR (+/+-OT-II
or SC/SC-OT-II) were stained for CD4, CD8, TCRV«a2, and TCRVS. i, Surface expression of TCRVa2 and TCRVBS on +/+-OT-II or SC/SC-OT-1I
thymocytes was analyzed by flow cytometry (left). Surface expression of CD4 and CDS8 on gated TCRV a2"#"/TCRV B5"¢" (V a2V B5STCR"E") thymocytes
was as indicated (right). ii, Absolute numbers of total, TCRVa2"&"/TCRV B5"2" DP or TCRV a2"#"/TCRV 5"¢" CD4 SP thymocytes. Absolute numbers
were calculated based on the percentage of each population as analyzed in i. iii, Absolute number of TCRV a2"€"/TCRVB5"€" CD4* T cells in lymph nodes
from +/+-OT-II or SC/SC-OT-II mice. C, Positive selection of the CD8 lineage was analyzed in female mice expressing H-Y TCR. Thymocytes from WT
or SC mutant mice expressing H-Y TCR (+/+-HY or SC/SC-HY) were stained for CD4, CDS8, and T3.70 TCR. i, Surface expression of T3.70 TCR on
+/+-HY or SC/SC-HY thymocytes was analyzed by flow cytometry (leff). Surface expression of CD4 and CDS on gated T3.70 TCR™" thymocytes was
as indicated (right). ii, Absolute numbers of total, T3.70 TCR"€" DP or T3.70 TCR"2" CD8 SP thymocytes. Thymic cellularity was calculated as described
in B. iii, Absolute number of T3.70 TCR™&" CD8 T cells in lymph nodes from +/+-HY or SC/SC-HY mice.
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FIGURE 4. Peripheral CD8" T cell deficiency in SC mutant mice.
Lymph nodes (A) and spleens (B) from WT and SC mutant mice were
stained for CD4, CDS8, and B220 (data not shown) and analyzed by flow
cytometry. Percentage of cells residing within each quadrant is shown on
the dot plots. Absolute numbers of CD8*, CD4™, and B220™ lymphocytes
were calculated based on the percentage of each population in lymph nodes
(A) or spleen (B).

selection in SC mutant mice was due to increased apoptosis of DP
thymocytes that were supposed to be positively selected.

Reduced survival of CD8™ T but not CD4™" T cells in the
peripheral lymphoid organs of SC mutant mice

As we observed a role of Mcl-1 in positive selection of thymo-
cytes, we next examined the phenotype of SC mutant mice in the
peripheral lymphoid organs. As shown in Fig. 4, a significant re-
duction of CD8" T cells (~35%) was observed in lymph nodes
(Fig. 4A) and spleens (Fig. 4B) of SC mutant mice. However, these
mutant mice appeared to have a nearly normal number of CD4™* T
as well as B (B220™) cells in these two peripheral lymphoid or-
gans. Given that Mcl-1 is involved in positive selection of both
CD4 and CD8 SP thymocytes, the specific reduction of CD8™ but
not CD4™ T cells in the peripheral tissues of mutant mice is some-
what surprising. One possibility is that mutant CD4™ T cells may
undergo lymphopenia-driven proliferation with a better efficiency
than mutant CD8" T cells. However, analysis of the activation
state of these two cell lineages in the peripheral tissues of SC
mutant mice did not support this possibility (supplemental Fig.
S5). Another possibility is that the partial defect in maturation of
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both CD4 and CD8 SP thymocytes in SC mutant thymus did not
really result in decreased egress of mature SP cells into peripheral
tissues, i.e., only certain proportions of mature SP cells are nor-
mally transported to the peripheral tissues and the amounts gen-
erated in SC mutant mice are already enough for this purpose. If
this is the case, the observed reduction of peripheral CD8 ™ but not
CD4™" T cells in SC mutant mice would be due to differential
susceptibility to cell death of these two mutant T cell lineages. To
examine this possibility, the in vitro “die of neglect assay” was first
conducted. For this experiment, splenocytes from control or SC
mutant mice were isolated and cultured in growth medium without
any supplemented cytokines. At various times after culturing,
splenic CD4" or CD8" T cells that underwent apoptosis were
analyzed by flow cytometry using annexin V and specific cell sur-
face markers. As shown in Fig. 5A, under such in vitro assay sys-
tem, a markedly increased apoptotic percentage was observed in
SC mutant than in control CD8™ T cells (e.g., 75 v.s. 50% at 36 h
time point). However, under the same experimental conditions, the
apoptotic percentage of SC mutant CD4™" T cells was only mar-
ginally increased (<10%), compared with that of control cells.

Next, we examined whether the in vivo survival of CD4" and
CD8™ T cells was also differentially affected by the SC mutation.
To address this issue, lymph node CD4" and CD8™ T cells were
purified from control or SC mutant mice, labeled with CFSE, and
injected into WT recipient mice. Five days after transfer, the num-
ber of CFSE-labeled donor cells in the lymph node or spleen of the
recipient mice was analyzed by flow cytometry. The results shown
in Fig. 5B indicated that, while the number of donor CD4™ T cells
from WT or SC mutant mice detected in peripheral tissues of re-
cipients was quite similar, the number of donor CD8™" T cells from
SC mutant mice was markedly reduced compared with that of
donor CD8™ T cells isolated from the control littermates (7). Sim-
ilar results were obtained when the in vivo survival assay was
conducted by transferring control or SC mutant donor T cells (Thy
1.27%) into C57BL/6J-Thyl.1 recipient mice (see Materials and
Methods), i.e., the in vivo viability of SC mutant CD8™ T cells was
reduced significantly more than that of mutant CD4 ™" T cells (Fig.
5Bii). Next, the same experiments were conducted using mature
(TCRB"2") CD8SP and CD4SP thymocytes as donor cells and the
results indicated that the number of donor CDSSP but not CD4SP
thymocytes from SC mutant mice detected in the recipients was
markedly reduced, compared with that of the same donor cell type
from control mice (Fig. 5C). We next examined whether the re-
duced number of mutant donor CD8SP or CD8™ T cells detected
in recipient’s spleen or lymph node was due to impaired homing of
these cells to these tissues. Homing assay was conducted using
control and SC mutant cells labeled with two different fluorescent
dyes (see Materials and Methods). The results shown in Fig. 5D
indicated that the homing efficiency of WT or SC mutant CD8SP
thymocytes (or lymph node CD8" T cells) to lymph node (LN) or
spleen of recipient mice was quite similar (sc/wt = 0.9-1.1), sug-
gesting that the results shown in Fig. 5, B and C indicate that SC
mutant CD8* T cells (or their precursors CD8SP thymocytes)
were much more susceptible to apoptosis than control CD8" T
cells (or their precursors CD8SP thymocytes) in vivo.

Next, we examined whether such difference in apoptosis suscepti-
bility between peripheral CD4 ™ and CD8™ T cells in SC mutant mice
could be due to differentially attenuated expression of Mcl-1 in these
two cell lineages. To address this issue, we analyzed Mcl-1 expression
both at the mRNA and protein levels in lymphocytes isolated from
control or SC mutant mouse lymph nodes. Quantitative RT-PCR anal-
ysis indicated that, in control mice, the relative levels of mcl-1 mRNA
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in CD8™, CD4™" T, and CD19™ B cell lineages were 1:1.6:2.4 (nor-
malized to the house keeping gene hprt; p < 0.05 for both the dif-
ferences between CD8" and CD4 ™ and between CD8 " and CD19™
cells, n = 3) (Fig. SE). However, such difference did not result into
any significant difference in Mcl-1 protein levels in these three cell
lineages (Fig. 5Fi and supplemental Table I; equal cell number was
loaded in each lane). In contrast, in SC mutant mice, the SC mutation
resulted into differential attenuation of mcl-/ mRNA expression in T
and B cell lineages compared with their normal counterparts in WT
mice (~50% reduction for both CD4* and CD8™" T cells, and less
than 15% for the CD19" B cell lineage, Fig. 5E), and such difference
resulted into differential degree of attenuation of Mcl-1 protein ex-
pressions in these three mutant cell lineages, i.e., a moderate attenu-
ation for CD4™ T cells (~40%), a prominent reduction for mutant
CD8™ T cells (~70%), and a more variable but generally minor effect
on CD19™ B cells (average reduction ~26%, but p > 0.05) (Fig. 5Fi
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and supplemental Table I). Taken together, the prominent reduction of
Mcl-1 expression in CD8™ T cells but much less in CD4™ T or B cell
lineages correlated well with the specific reduction of CD8™ but not
CD4" T or B cell numbers in peripheral lymphoid organs of SC
mutant mice.

Given that Bcl-2 family members function by forming com-
plexes with selective members, we next examined the possibility
that decreased expression of Mcl-1 may indirectly affect the
steady-state levels of other Bcl-2 family members, which may par-
tially contribute to some phenotypes observed in the SC mutant
mice. As shown in Fig. 5F and supplemental Table I, no significant
influence on the expression levels of Bcl-2, Bcl-xL, Bim, or Bax
proteins could be observed in thymocytes, CD4™, or CD8™ T cells
from the SC mutant mice. Although additional Bcl-2 family mem-
bers other than the four mentioned above have not been exten-
sively analyzed in this study, these results suggest that it is unlikely
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that the SC mutation would affect the expression of other Bcl-2
family members and contribute to the phenotypes observed in the
SC mutant mice.

Impaired T cell development and peripheral CD8"
lymphophenia in SC mutant mice are both cell autonomous and
can be rescued by overexpression of human Mcl-1

Given that Mcl-1 is widely expressed in many cell types, we next
examined whether defective T cell development and peripheral
CD8™ lymphophenia in SC mutant mice were due to an intrinsic
reduction of Mcl-1 in SC mutant T cell lineages. To address this
issue, we reconstituted irradiated Thyl.1" recipients with bone
marrow cells from WT or SC mutant mice (both were Thyl.2").
Eight weeks after reconstitution, we assessed the composition of
donor-derived cells in the recipient mice. Fig. 6 shows that the SC
mutant phenotype was basically recapitulated in chimeric mice
reconstituted with SC mutant bone marrow. That is, compared
with those in chimeric mice reconstituted with wt bone marrow,
there was a significant reduction in the proportion of DP thymo-
cytes expressing high levels of TCR-f and in the number of ma-
ture CD4SP, CD8SP thymocytes, and peripheral CD8™ T cells in
chimeric mice reconstituted with SC mutant bone marrow (Fig. 6,
A-C). Together, these results indicate that impaired T cell devel-
opment and peripheral CD8* lymphopenia in SC mutant mice are
both cell autonomous.

Last, we examined whether defective thymocyte development
and CD8™" lymphopenia observed in the SC mutants were indeed
due to reduced expression of Mcl-1 in these mice. To address this
issue, transgenic mice carrying a hMcl-1 transgene under the con-
trol of RNA polymerase II promoter were first generated (see Ma-
terials and Methods and Fig. 7A). One such transgenic line (no. 30)
expressing a prominent level of hMcl-1 (Fig. 7B) was then mated
to the SC mutant background. Although control mice overexpress-
ing hMcl-1 itself did not manifest any obvious phenotype in the
hematopoietic system (Fig. 7, C—E and data not shown), overex-
pression of hMcl-1 significantly reversed the decrease in the pro-
portion of DP thymocytes expressing high levels of maturation
markers (TCR-B"2" and CD69) and the percentage of peripheral
CD8™ T cells in SC mutant mice (Fig. 7, C-E). Together, these
results indicated that the observed phenotypes in the SC mutants
were indeed due to reduced expression of Mcl-1 in the T cell
lineage of these mice.

Discussion

In this study, a new mouse model to study the role of Mcl-1 during
T cell development has been generated. This new mouse model
took advantage of a promoter knock-in allele of the mcl-1 gene
(the SC mutant allele), which manifests a hypomorphic phenotype
only in selected tissues like thymus. In thymus, all four subsets of
thymocytes express Mcl-1. Conditional knock-out of Mcl-1 at the
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FIGURE 7. Enforced expression of hMcl-1 restores frequency of DP
thymocytes undergoing positive selection and peripheral CD8" T cell per-
centages in SC mutant mice. A, Schematic representation of the RNA Pol
II-hMcl-1 transgenic construct. The human (h) Mcl-1 cDNA was driven by
the mouse RNA Pol II promoter. Two copies of the chicken B-globin
insulators (HS4) were placed downstream of the hMcl-1 cDNA in a reverse
orientation (27). An intron segment and poly-A signal from the rabbit
globin gene were also included in this construct at positions as indicated.
B, Immunoblotting analysis of hMcl-1 protein expression in thymocytes
from control or SC mutant mice carrying or not carrying the hMcl-1 trans-
gene (hMcl-1"%). The blot was probed with Abs specific to hMcl-1, mouse
(m) Mcl-1 or B-actin. C, Thymocytes from mice to be analyzed were
stained for CD4, CD8, and TCR-B or CD69 and analyzed by flow cytom-
etry. Percentages of DP thymocytes expressing high levels of TCR-3 or
CD69 from mice with the indicated genotypes were plotted in this figure.
D and E, Same as in C except lymph node cells or splenocytes were stained
for CD4 and CD8. Shown here are percentages of CD8" T cells in lymph
nodes (D) or spleens (E) of mice with the indicated genotypes. (n = 4-5
for each genotype).

DN stage by using Cre driven by the Lck promoter prevents thy-
mocytes from differentiating into the DP stage, which precludes
any further study on the role of Mcl-1 during later stages of T cell
development (6). A recent study using CD4 promoter-driven Cre
to delete Mcl-1 at the DN4 or later stages indicated that Mcl-1 is
required for the maturation of CD4SP and CD8SP thymocytes
(18). However, the detailed role of Mcl-1 during the transition
from the DP to SP stage is still unclear.

In SC mutant mice, the markedly reduced Mcl-1 expression in
thymus still allowed T cell development to progress from the DN
to SP stage, albeit with a slightly reduced efficiency. However, it
is the latter characteristics, i.e., reduced efficiency, that allowed us
to identify a role of Mcl-1 during thymocyte-positive selection. In
SC mutant mice, the percentage of DP thymocytes expressing
markers for cells undergoing positive selection, i.e., TCR- and
CD69, was reduced by ~25% compared with that in control mice.
We demonstrated that such reduction was not due to decreased
proliferation of mutant thymocytes. In addition, the TCR-a-chain
rearrangement appeared to be normal in SC mutant DP thymo-
cytes. These results together with the observed increased sensitiv-
ity of SC mutant DP thymocytes to at least three death stimuli
strongly suggest that defective positive selection in SC mutant
mice is due to loss of viability of those DP thymocytes that are
supposed to be positively selected. This study, together with earlier

2967

findings (6), indicate that Mcl-1 plays a crucial role throughout all
stages of T cell development, which is distinct from two other
antiapoptotic proteins, Bcl-2 and Bcl-x, whose functions are more
restricted to the DN and SP (11, 12) or to the DP stage of T cell
development (13-15), respectively. How Mcl-1 collaborates with
Bcl-2 or Bel-x during each distinct T cell differentiation stage re-
mains to be determined.

In this study, we also unexpectedly identified that mcl-1 pro-
moter elements are differentially required in different tissues or cell
lineages, albeit Mcl-1 is a widely expressed protein. The promi-
nent reduction of Mcl-1 expression in thymus but not other major
organs in SC mutant mice and the specific attenuation of mcl-1
mRNA expression in SC mutant peripheral T but not B lympho-
cytes suggest that the SIE and/or CRE-2 motifs are more critical
for mcl-1 transcription in the T cell lineage than other cell lineages
inside an organism. Of note, no significant reduction of Mcl-1
protein levels was observed in the tissue extracts made from SC
mutant spleens. This is likely because ~75% of cells in this organ
are non-T cell lineages, which would mask the SC mutation effect
on the remaining ~25% of cells that are T cell lineages.

In this study, we notice that in SC mutant mice, the SC mutation
attenuated mcl-1 transcription to a similar extent in both CD4* and
CD8™ T cells, i.e., both were reduced to ~50% of that found in
their control counterparts. However, the Mcl-1 protein expression
was less attenuated in mutant CD4™" than in CD8" T cells. The
likely explanation for this result is that differential amounts of
mcl-1 mRNA were synthesized in these two cell lineages. In con-
trol mice, the relative mcl-1 mRNA level in CD4 " or B lympho-
cytes was higher than that in CD8" T cells. However, the steady-
state Mcl-1 protein level in these three lymphocyte lineages was
quite similar, suggesting that Mcl-1 protein synthesis is under
some kind of regulation that would limit further translation from
mRNA that is beyond certain threshold levels, like that in CD8" T
cells. In contrast, in SC mutant mice, the mcl-1 mRNA levels in
mutant CD4* and CD8™ T cells were both lower than the “thresh-
old level” in control CD8™" T cells, suggesting that the amount of
Mcl-1 protein to be synthesized in these two mutant cell lineages
would still be proportional to the amount of available mRNA. If
such scenario is correct, mutant CD4™ T cells would have more
Mcl-1 proteins synthesized than mutant CD8" T cells, because
slightly higher levels of mcl-1 mRNA were still made in mutant
CD4™ than in mutant CD8™ T cells.

Last, although Mcl-1 protein levels correlated with the apoptosis
susceptibility of mutant CD4" and CD8™" T cells, we cannot com-
pletely rule out the possibility that more reduction of steady-state
Mcl-1 levels in mutant CD8™ T cells is secondary to the decreased
viability of these cells. Alternatively, our results also pointed to
another possibility that, in CD4" T cells, Mcl-1 might not be as
important for cell survival as in CD8* T cells. More experiments
would be required to address the latter possibility.
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