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Flow cytometric cell cycle analysis
Cells were fixed in 66% methanol, treated with RNAse A (100 mgml ™) and propidium
iodide (5mg ml ™), and analysed using a FACScan apparatus (Becton Dickinson).

Cdk2 kinase activity
Cells were lysed in TNE buffer and 100 p.g of cell extract was immunoprecipitated and
analysed as described in ref. 26.
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Tumour-derived soluble MIC
ligands impair expression of
NKG2D and T-cell activation

Veronika Groh, Jennifer Wu, Gassian Yee & Thomas Spies
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Engagement of the NKG2D receptor by tumour-associated
ligands may promote tumour rejection by stimulating innate
and adaptive lymphocyte responses'. In humans, NKG2D is
expressed on most natural killer cells, 6 T cells and CD8af3
T cell'. Ligands of NKG2D include the major histocompatibility
complex class I homologues MICA and MICB, which function as
signals of cellular stress®’. These molecules are absent from most
cells and tissues but can be induced by viral and bacterial
infections and are frequently expressed in epithelial tumours®"".
MIC engagement of NKG2D triggers natural killer cells and
costimulates antigen-specific effector T cells"'’. Here we show
that binding of MIC induces endocytosis and degradation of
NKG2D. Expression of NKG2D is reduced markedly on large
numbers of tumour-infiltrating and matched peripheral blood T
cells from individuals with cancer. This systemic deficiency is
associated with circulating tumour-derived soluble MICA, caus-
ing the downregulation of NKG2D and in turn severe impair-
ment of the responsiveness of tumour-antigen-specific effector
T cells. This mode of T-cell silencing may promote tumour
immune evasion and, by inference, compromise host resistance
to infections.

Ectopic expression of NKG2D ligands causes rejection of trans-
fected tumour cells by natural killer (NK) cells and primed cytotoxic
T cells in syngeneic mice™*. Immunity is induced against subsequent
challenges with tumour cells that lack NKG2D ligands’. This
evidence reinforces the potential significance of human MIC-
NKG2D ligand-receptor signalling in immune responses against
tumours. But the presence of MIC on many progressing tumours,
including breast, lung, gastric, renal, colon, ovarian and prostate
carcinomas and melanomas®, suggests that MIC or NKG2D might
be functionally impaired, thereby promoting immune evasion.

We examined NKG2D expression on CD8" T cells among
tumour infiltrating lymphocytes (TILs) extracted from 39 epithelial
tumours that were either positive or negative for MIC by mono-
clonal antibody staining of cell suspensions and flow cytometry. In
all 13 MIC-negative tumour specimens examined, the surface
amounts of NKG2D were unaltered as compared to normal control
peripheral blood mononuclear cells (PBMCs; ref. 1, Fig. 1a and data
not shown). By contrast, the mean fluorescence intensities of
NKG2D on CD8" T cells from all 26 MIC-positive tumours tested
were reduced by about 60—-70% (Fig. 1b). This observation was not
dependent on the proportions of MIC-positive tumour cells, which
ranged from 40 to 100% (ref. 8 and data not shown). Expression of
NKG2D was similarly reduced on T cells among matched PBMCs
(Fig. 1b). This deficiency was not associated with T-cell subsets
defined by differentiation or activation markers CD28, CCR7, CD45
isoforms and CD69. Substantially reduced expression of NKG2D
was also observed on CD56" NK cells and 8 T cells (data not
shown). These results showed that a systemic impairment of
NKG2D is linked to the presence of tumour-associated MIC.

We examined the apparent effect of MIC on NKG2D expression
by culturing normal PBMCs together with C1R-MICA (or CIR-
MICB) B-cell transfectants, untransfected controls, and freshly
isolated MIC-positive melanoma cells. We used conditions favour-
ing conjugate formation, and examined the cells by three-colour
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staining of dissociated cells with monoclonal antibodies against
CD3, CD8 and NKG2D, and flow cytometry. After 6 h, the average
amounts of surface NKG2D began to decline and reached a
maximum five- to eightfold reduction between 24 and 48h in the
presence (Fig. 2a; data not shown) but not in the absence (Fig. 2b) of
MIC. Similar results were obtained with melanoma-antigen-specific
HLA-A2-restricted T-cell clones after co-culture with MART-1- or
gp100-peptide-pulsed C1R-A2-MICA transfectants, but not with
identically treated C1R-A2 cells (data not shown). These results
indicate that MIC-induced downregulation of NKG2D is indepen-
dent of T-cell antigen receptor (TCR) stimulation.

As many receptors undergo ligand-induced endocytosis followed
by recycling or degradation'*"*, we explored the fate of NKG2D by
measuring its surface and total cellular amounts by using random
CD8™" & T-cell clones exposed for 12 h to C1IR-MICA cells and flow
cytometry. As with the surface protein, the mean fluorescence
intensity reflecting the total NKG2D content of permeabilized
cells was strongly reduced as compared to control T cells exposed
to CIR cells (Fig. 2¢c). But treating T cells with bafilomycin Al or
chloroquine, which are inhibitors of lysosomal degradation, pre-
vented this decrease in total cellular NKG2D (Fig. 2¢; data not
shown). Inhibition of protein synthesis with cycloheximide had no
effect. Thus, at least a large proportion of endocytosed NKG2D was
not recycled but degraded.

These results offered an explanation for the deficiency of NKG2D
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Figure 1 Reduced expression of NKG2D on CD8" «f T cells among TILs and PBMCs
from individuals with MIC-positive tumours. a, Three-colour flow cytometry analysis with
gating on CD3™ (yaxis) CD8™ (x axis) T cells (dot plot columns 1 and 3) shows that the
surface amounts of NKG2D (y axis; dot plot columns 2 and 4) are normal when tumours
lack expression of MIC (see ref. 1 for comparison with T cells from healthy individuals). Dot
plots shown are representative of 13 matched MIC-negative tumour and PBMCs samples
(2 breast, 6 lung, 1 ovarian and 2 colon tumours, and 2 melanomas). b, Reduced
expression of NKG2D among CD3*CD8™" «B T cells from TILs and PBMCs associated
with MIC-positive tumours (see ref. 8 for representative tumour cell expression profiles of
MIC). Dot plots shown are representative of six breast, five lung, four ovarian and three
colon carcinomas, and eight melanomas. The fluorescent labels are described in
Methods. Numbers in the top right corners represent the NKG2D mean fluorescence
intensities derived from histograms. Tumour specimens are given on the right: BT, breast
tumour; LT, lung tumour; OT, ovarian tumour.
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among TILs, which directly contact MIC-positive tumour cells,
but not PBMCs. We therefore considered that tumour-associated
MIC might be shed into the circulation, possibly as a result of
tumour cell death, secretion of exosomes or proteolysis, or a
combination thereof. By a sandwich enzyme-linked immunosor-
bent assay (ELISA) using noncompeting solid-phase capture and
biotinylated detection monoclonal antibodies 6G6 (specific for the
a3 domain of MICA and MICB)” and 2C10 (specific for the MICA
ala2 domains)® respectively, we detected a minimum of
1.5ngml ™! purified recombinant soluble MICA (rsMICA) after
reaction with streptavidin-conjugated horse radish peroxidase
(HRP) and tetramethyl-benzidine substrate (Fig. 3).

We obtained positive results, indicating maximum amounts of
about 25-50 ng ml ™! soluble MICA (sMICA), with 7 of 14 blood
serum samples from individuals with tumours and a NKG2D""
phenotype (2/4 breast, 3/3 lung, 0/2 ovarian and 0/1 colon tumours,
and 2/4 melanomas). This incomplete correlation might be due to
technical limitations including the sensitivity of the ELISA and its
lack of detection of sMICB. All six samples from individuals with
normal NKG2D expression gave negative results (Fig. 3). sMICA
was also detected in cleared supernatants of colon (HCT-116),
prostate (PC3), ovarian (HTB-79) and melanoma (375) tumour
cell lines grown to high confluency, but not in supernatants of
transfected B cell lines (data not shown). Thus, the shedding of MIC
was a property of epithelial tumour cells. Incubation of random
CD8" aff T-cell clones for 24 h with rsMICA resulted in fivefold
reductions in the mean surface quantities of NKG2D (Fig. 4a).
T-cell-bound rsMICA was detected in the early incubation phase
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Figure 2 MIC-induced downregulation and degradation of NKG2D. a, CD3*CD8™ T cells
among normal PBMCs show five- to eightfold reductions in the mean fluorescence
intensity staining of NKG2D after co-culture with C1R-MICA transfectants. b, No effect is
observed with untransfected C1R cells. Open profiles, IgG1 isotype control staining;
shaded profiles, CD3 staining; filled profiles, NKG2D staining. ¢, Endocytosis and
degradation of NKG2D. After co-culture of CD8™" o8 T-cell clones derived from peripheral
blood with C1R-MICA transfectants but not with C1R cells, both cell-surface and total
cellular NKG2D are substantially reduced. Treating T cells with bafilomycin A1 prevents
the decrease in total cellular NKG2D. The solvent control is DMSO. Surface CD3 remains
unchanged. The mean fluorescence intensities obtained after exposure to negative
control C1R cells are arbitrarily set as 100%. Data are representative of five independent
experiments.
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but not after 24h, presumably because of degradation. Thus,
rsMICA did not interfere with binding of the monoclonal antibody
against NKG2D (Fig. 4a).

These results suggested that tumour-derived sMICA and pre-
sumably sMICB in peripheral blood of individuals with cancer
causes the downregulation of NKG2D. This hypothesis was con-
firmed by experiments showing that sera from individuals with
MIC-positive tumours, but not from negative controls, down-
regulated NKG2D expression on CD8" T cells among normal
PBMCs even when sMICA was undetectable by ELISA, and that
this activity was neutralized in the presence of a monoclonal
antibody specific for MIC (Fig. 5). At least in part, this capacity of
sMIC may be explained by its high binding affinity for NKG2D'>'°.
With peripheral blood T cells, the low expression of NKG2D was
reversed after 7-8 d of culture (data not shown), or more rapidly
after 24 h in the presence of a monoclonal antibody against CD3.
But the effect of TCR complex stimulation was suppressed by the
addition of rsMICA (Fig. 4b).

Ligand engagement of NKG2D augments cytolytic responses
under conditions of suboptimal T-cell activation and costimulates
cytokine production and T-cell proliferation”'’. Signalling is
mediated by DAP10, an adaptor protein that is associated with
NKG2D"". To assess the functional impairment of NKG2D'*" T cells,
we tested MART-1-specific T-cell clones' with rsMICA-induced
low expression of NKG2D (Fig. 6a) against MIC-positive melanoma
target cells pulsed with titred concentrations of the antigenic M27
peptide. Within a range of suboptimal peptide concentrations, the
cytolytic responses of the NKG2DA1°W T cells were substantially lower
than those of untreated NKG2D"8" T cells (Fig. 6b). We also tested
the responses of freshly isolated TILs (HLA-A2") from MIC-
negative and MIC-positive melanomas to specific MHC—peptide
antigen and MIC stimulation. CD8% T cells purified by negative
selection were stimulated for short periods with irradiated C1R-A2-
MICA transfectants pulsed with M27 peptide. Antigen-specific
T cells were labelled with HLA-A2-M27 tetramer'® and stained for
NKG2D. Fixed and permeabilized cells were stained for interferon-y
(IFN-vy), which could accumulate intracellularly owing to experi-
mental inhibition of the secretory pathway. Analysis by flow
cytometry showed induction of IFN-y in a substantial proportion
of NKG2DM¢" (Fig. 6d) but not NKG2D'" (Fig. 6¢) T cells. Thus,
T-cell stimulation by NKG2D was profoundly impaired.

Together, our results indicate that tumour shedding of MIC
systemically impairs the responses of CD8 a8 T cells and presum-
ably NK cells, thus compromising the immunological competence

Sample buffer
rsMICA (100 ng ml-1)
Normal human serum
BT 450-85 (MIC*)

BT 183-82 (MIC*)

LT 140-96 (MIC*)

LT 140-96 (MIC*)

MEL 44 (MIC*)

Figure 3 Detection of SMICA by ELISA in serum samples from individuals with MIC-
positive tumours and reduced expression of NKG2D. Horizontal wells from left to right are
serial 1:2 dilutions of sample buffer, rsMICA (100 ng mi~"), normal human serum, four
serum samples from individuals with MIC-positive tumours (BT 450-85, BT 183-82, LT
140-96 and MEL 44) and a sample from an individual with a MIC-negative tumour

(LT 183-25). Results are representative of seven MIC-positive samples (two breast and
three lung tumours, and two melanomas) and six MIC-positive samples (one breast and
five lung tumours). BT, breast tumour; LT, lung tumour; MEL, melanoma.
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Figure 4 Downregulation of NKG2D by rsMICA. a, Left, incubation of rsMICA
(100 ng mi~") with CD8™" B T-cell clones derived from peripheral blood results in
reduced surface amounts of NKG2D. A similar but less pronounced effect is induced by
much lower concentrations of rsMICA (10 ngmi~"; not shown). Right, cell-associated
rsMICA is detected after 1 h but not after 24 h of incubation. Open profiles, IgG1 isotype
control staining. Data are representative of experiments with five different T-cell clones.
b, Melanoma-derived TILs gated on CD37CD8™" T cells show further decreases in
expression of NKG2D after incubation with rsMICA (top). NKG2D was induced by a
monoclonal antibody against CD3 but not in the additional presence of rsMICA (bottom).
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Figure 5 Downregulation of NKG2D by sera from individuals with MIC-positive tumours.
The fluorescence intensity of NKG2D measured by staining with monoclonal antibody
1D11 (ref. 1) and FITC-conjugated goat antibody against mouse IgG on CD8™ T cells
among normal PBMCs is markedly diminished after 24 h of incubation in 1:5 dilutions of
sera from individuals with MIC-positive breast or lung tumours (BT 450-85, LT 140-96
and LT 238-27). This activity is neutralized in the presence of 6D4 monoclonal antibody
against MIC” (top right plot) and is not observed with normal control serum or with serum
from an individual with a MIC-negative lung tumour (LT 183-25). Note that NKG2D is
downregulated by serum from an individual with a MIC-positive tumour (LT 238-27) in
which sMICA is undetectable by ELISA.
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Figure 6 Functional impairment of NKG2D"" T cells. a, Incubation with rsMICA reduces
NKG2D expression on the HLA-A2-restricted and MART-1-specific M27-131 T cells'®.
b, Under conditions of suboptimal antigen stimulation of TCR, NKG2D'°Y M27-131 T cells
respond poorly against melanoma 375 cells pulsed with titred concentrations of M27
peptide. Untreated NKG2D"" M27-131 T cells show augmented cytolytic responses'®.
The 1D11 monoclonal antibody' is specific for NKG2D. ¢, NKG2D'™" CD8™ o T cells
isolated from TILs from a MIC-positive melanoma and labelled with HLA-A2-M27 tetramer
show no or little induction of IFN-y after stimulation with C1R-A2-MICA transfectants
pulsed with M27 peptide. d, A substantial proportion of identically treated NKG2D™o"
M27-specific T cells from a MIC-negative melanoma produce a strong IFN-y response.

of individuals with cancer. Although expression of MIC by nascent
tumours might, to some extent, be effective in mobilizing responses
from effector T cells and NK cells, its shedding at progressive stages
of tumour growth probably promotes immune evasion. Notably,
the factors that determine the tumour-associated expression of MIC
and the shedding mechanism remain to be defined. But monitoring
the presence of SMICA in tissue or peripheral blood samples might
be applicable to the prognosis or diagnosis of cancer, just as the
MIC-NKG2D system might offer possibilities for therapy. O

Methods

Tumour specimens and PBMCs

Specimens of 8 breast, 11 lung, 5 ovarian and 5 colon carcinomas and of 10 melanomas
from diagnostic or therapeutic resections and matched peripheral blood samples were a
gift from H. Secrist and D. Byrd and R. Yeung. Tumours were diagnosed by
histopathological criteria. We obtained normal PBMCs from random healthy volunteers.
These activities were approved by local institutional review boards and all subjects gave
written informed consent. We prepared TILs and tumour cell suspensions as described®.
PBMCs were purified by Ficoll/Hypaque density centrifugation.

Antibodies and flow cytometry

We stained suspensions of tumour cells with monoclonal antibody 6D4 (against MICA
and MICB)” and phycoerythrin (PE)-conjugated goat antibodies against mouse F(ab'),
(Southern Biotechnologies), and analysed them using a FACScan (Beckton Dickinson)
flow cytometer. TILs and PBMCs were examined by three-colour flow cytometry using
various combinations of antibodies against CD3, CD4, CD8, CD56, TCRy%, CD28, CD69,
CCR?7, CD45RO and CD45RA conjugated to PE, fluorescein isothiocyanate (FITC),
PerCP or allophycocyanin (BD/PharMingen). We detected binding of the 1D11
monoclonal antibody against NKG2D (ref. 1) to TILs, PBMCs and T-cell clones with PE-
or FITC-congjugated goat antibodies against mouse F(ab'),.

Modulation of NKG2D

Freshly isolated PBMCs were co-cultured with irradiated CIR-MICA transfectants, CIR
cells or freshly isolated MIC-positive melanoma cells (at 1:2 ratios) after a brief low-speed
centrifugation in round-bottom microtitre plates. After various durations, the cells were
washed in PBS plus 0.5% EDTA and stained for expression of CD3, CD8 and NKG2D. We
gated transfectants, CIR and tumour cells using forward- and side-scatter parameters.
Similarly, HLA-A2-restricted CD8 a8 T-cell clones specific for MART-1 (M27 peptide
AAGIGILTV)'® or gp100 (G154 peptide KTWGQYWQV)'® were cultured together with
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CIR-A2-MICA or C1R-A2 transfectants pulsed with optimal concentrations (2.5 pgml™")
of the appropriate peptide.

We showed ligand-induced endocytosis and degradation of NKG2D with random
CD8" o T-cell clones that were established as described’. We cultured T cells for 12 h with
CIR-MICA or CIR control cells, washed them and fixed them with paraformaldehyde.
Half of the cells were stained for surface CD3, CD8 and NKG2D; the other half were
stained after permeabilization in 0.1% saponin. Continuous exposure of T cells to
bafilomycin Al (Sigma; 0.5 pM) or chloroquine (33 pM) was used to inhibit lysosomal
degradation. We used dimethyl sulphoxide (DMSO; 1%) as the solvent control™.

Downregulation of NKG2D by rsMICA was shown by incubating random CD8 o8 T-
cell clones with rsMICA (10 or 100 ng ml™") for various durations before flow cytometry
analysis of surface NKG2D. Surface-associated rsMICA was monitored with monoclonal
antibody 2C10 (ref. 6). NKG2D"" TILs extracted from a MIC-positive melanoma were
used for induction of NKG2D by a plate-bound antibody against CD3 (50 ng ml™") after
24 h of incubation. Induction was prevented by rsMICA (100 ngml ™~ '). Downregulation
of NKG2D by sera from individuals with MIC-positive tumours was shown by incubation
of freshly isolated normal PBMCs with 1:5 dilutions of sera (BT 450-85, LT 140-96 and LT
238-27) for 24 h before flow cytometry analysis. Normal serum and serum from an
individual with a MIC-negative lung tumour (LT 183-25) were used as negative controls.

ELISA and rsMICA
High-binding EIA/RIA polystyrene plates (Corning) were coated with capture 6G6
monoclonal antibody (10 pgml ™" PBS, 50 ul per well) for 10 h at 4 °C, washed with PBS
plus 0.1% Tween 20, blocked overnight at 4 °C with blocking buffer (215 ul of 20 mM Tris-
OH, pH 7.5, 150 mM NaCl, 5% EIA grade bovine serum albumin (BSA) and 0.05% Tween
20), and washed with PBS plus 0.1% Tween 20. Serial 1:2 dilutions in sample buffer
(blocking buffer containing 0.1% BSA and 0.1% Tween 20) of rsMICA and patient and
control serum samples were plated at 50 pl per well, incubated for 2 h at room temperature
on a shaker and washed five times in PBS plus 0.1% Tween 20. After incubation under the
same conditions with 50 pl of biotinylated 2C10 detection monoclonal antibody
(1.2 pgml ™' sample buffer), washed plates were incubated for 30 min at room
temperature with 50 pl of streptavidin—HRP (Vector Laboratories), washed and reacted
for 7-8 min with tetramethyl-benzidine (Kirkegaard and Perry Laboratories). We stopped
the reactions with 1 M phosphoric acid (100 ul per well) and scored them at a wavelength
of 450 nm using a Veramax microplate reader (Molecular Devices).

rsMICA was expressed as a secreted protein in High-Five insect cells (Invitrogen) using
the BAC-TO-BAC Baculovirus expression system (GibcoBRL)'". The extracellular
sequences of MICA corresponding to the signal peptide and the o la:203 domains were
amplified from template complementary DNA, using oligocleotide primers and PCR, and
purified. In subsequent rounds of PCR and amplicon purification, the truncated MICA
sequence was fused to a 15-residue biotinylation recognition sequence'®, which was not
used in this study, using the primers 5'-TCTGGATCCATGGGGCTGGGCCCGGTC-3'
(MICA 5" end) and 5'-ACGATGAATCCACACCATTTTCTGTGCATCCAGAATATGATG
CAGGCTTCCTTTCCCAGAGGGGACAGGGGTGAG-3' (biotinylation recognition
sequence/glycine-serine linker/MICA 3'-end overlap), and to sequences for a hexa-
histidine tract and the eight-amino-acid Flag tag (DYKDDDDK) M2 antibody epitope™.
The amplicon was flanked by restriction sites for insertion into pFASTBAC1 (GibcoBRL).
We transfected the sequenced construct into Sf9 cells for production of high-titre
recombinant Baculovirus, which was used to infect High-Five cells. Media were collected
from cell cultures grown in spinner flasks 4-5 d after infection, cleared, filtered and applied
to a Ni**-charged Chelating Sepharose Fast Flow resin column (Pharmacia).
Recombinant protein was eluted with imidazol in PIPES, NaCl, NaNj; buffer, further
purified by Superdex S75 gel filtration chromatography (Pharmacia)'®, and concentrated
using a BIOMAX-100K (Millipore) ultrafiltration device. rsMICA was a monomeric
protein as judged by SDS-PAGE.

T-cell function assays

We cultured HLA-A2-restricted and MART-1-specific M27-131 T cells'® for 24 h with
100 ng ml ™! rsMICA to induce low expression of NKG2D, washed them in culture media
and then tested them in standard *' Cr-release assays against MIC-positive melanoma 375
cells (American Type Culture Collection) that had been pulsed with titred concentrations
of M27 peptide. Induction of intracellular IEN-y was carried-out with CD8" o T cells
obtained by negative selection with RosetteSep (StemCell Technologies) from TILs
isolated from MIC-positive and MIC-negative melanomas. We stimulated T cells for 4h
with equal numbers of C1R-A2-MICA transfectants pulsed with M27 peptide in the
presence of monensin (Golgistop, PharMingen) as described’. M27-specific T cells were
identified with PE-conjugated HLA-A2-M27 tetramer'® and stained for NKG2D. After
being fixed and permeabilized by a Cytofix/Cytoperm Plus kit (PharMingen), T cells were
stained for intracellular IFN-y with a specific allophycocyanin-conjugated monoclonal
antibody (PharMingen) and analysed by flow cytometry’.
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The coactivators CBP (Cre-element binding protein (CREB)-
binding protein) and its paralogue p300 are thought to supply
adaptor molecule and protein acetyltransferase functions to
many transcription factors that regulate gene expression'. Nor-
mal development requires CBP and p300, and mutations in these
genes are found in haematopoietic and epithelial tumours®*. It is
unclear, however, which functions of CBP and p300 are essential
in vivo. Here we show that the protein-binding KIX domains of
CBP and p300 have nonredundant functions in mice. In mice
homozygous for point mutations in the KIX domain of p300
designed to disrupt the binding surface for the transcription
factors c-Myb and CREB’~, multilineage defects occur in hae-
matopoiesis, including anaemia, B-cell deficiency, thymic hypo-
plasia, megakaryocytosis and thrombocytosis. By contrast, mice
homozygous for identical mutations in the KIX domain of CBP
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are essentially normal. There is a synergistic genetic interaction
between mutations in c-Myb and mutations in the KIX domain of
p300, which suggests that the binding of c-Myb to this domain of
p300 is crucial for the development and function of megakar-
yocytes. Thus, conserved domains in two highly related coacti-
vators have contrasting roles in haematopoiesis.

The KIX domain is one of several domains in CBP (also known as
Crebbp) and p300 that bind transcriptional regulators (Fig. 1a); it is
highly conserved in evolution, with 90% identity in human CBP
and p300 (Fig. 1b). The three-dimensional structure of the CBP KIX
domain in a complex containing a portion of the CREB activation
domain has been determined (ref. 9 and Fig. 1c). Specific hydro-
phobic residues on the surface of the KIX domain are important for
binding the a-helical activation domains of CREB and c-Myb”*.

We tested the role of the KIX domain transcription factor-
binding surface in vivo by mutating three highly conserved residues
that lie on one face of the a3 helix in the KIX domain of CBP (Fig.
1b, ¢): Tyr 650 forms part of the hydrophobic surface that makes
crucial contacts with CREB; the small side chain of Ala 654 allows
the close packing of CREB; and Tyr 658 forms hydrophobic
interactions with CREB and forms hydrogen bonds with phos-
phorylated Ser 133 of CREB’. Thus, we thought that replacing Tyr
650 and Tyr 658 with alanines should disrupt bonding with CREB,
and replacing the Ala 654 methyl group with a bulkier glutamine
side chain should sterically hinder CREB binding. Accordingly, the
individual mutations of Tyr650Ala, Ala654Gln, and Tyr658Ala each
diminish CREB and c-Myb binding to KIX (refs 7, 8, and data not
shown). Structure prediction analyses using AGADIR and PSIPRED
predicted that KIX secondary structure would not be affected by a
Tyr650Ala, Ala654Gln, Tyr658Ala triple mutation (refs 10, 11, and
data not shown).

We introduced this triple mutation into the CBP and p300 loci of
embryonic stem (ES) cells by homologous recombination (Fig.
1d, e). For p300, the corresponding residues, Tyr 630, Ala 634 and
Tyr 638, were mutated. Correctly targeted ES cells were used to
produce mice carr}ring mutant alleles of the KIX domain of CBP
(desil%nated CBPX™) or p300 (designated p300KIX; Fig. 1d, e).
CBPMYKIX and p300%™*/%X homozygous mice were viable,
although some died of unknown causes before they were 3 weeks
old (mostly p3005™* X mice; see Supplementary Information).
Surviving 4-week-old p300 ™ ™ mice averaged about 50-70% of
the size of wild-type or heterozygous littermates, and CBP*™/<X
mice also tended to be smaller than their littermate controls.
Analysis of the surviving CBP* ™™ mice was unrevealing apart
from a slight reduction in thymocyte numbers (Supplementary
Information). By contrast, p300°™ ™ mice had a marked
reduction in thymocyte numbers (~5% of wild type) and severe
anaemia (haematocrit 20.2 £ 5.3 versus 42.3 = 1.4% for wild type)
and thrombocytosis ((5.0 = 1.1) X 10° versus (1.2 = 0.2) X
10° platelets per ml for wild type). Numbers of neutrophils were
generally in the normal range (data not shown). The blood from
p300""*X mice showed increased variation in erythrocyte size
(compare Fig. 2b with Fig. 2a, ¢) and the presence of megathrom-
bocytes (Fig. 2b, broken arrow). CBP XX and p300+/ KIX mice were
essentially normal (except for a small increase in platelets in p300™
KIX mice), which showed that the mutations were not overtly
dominant (Supplementary Information).

The bone marrow of p300*™ ™ mice showed megakaryocytic
hyperplasia with a corresponding decrease in other bone marrow
elements (compare Fig. 2d with Fig. 2e). Megakaryocytosis was
evident in the spleens of these mice (compare Fig. 2g with Fig. 2f, h)
and was indicated further by widespread staining for acetylcholin-
esterase enzyme (compare Fig. 2j with Fig. 2i) and factor VIII
(data not shown). Megakaryocytosis in p300<™/ X mice was also
indicated by flow cytometric analysis of bone marrow and spleen
cells, which contained an overabundance of CD41-positive cells as

compared with CBP*™ X and wild-type mice (Fig. 2k). Serum
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