Published OnlineFirst January 28, 2021; DOI: 10.1158/0008-5472.CAN-20-1822

CANCER RESEARCH | GENOME AND EPIGENOME

3D Functional Genomics Screens Identify CREBBP as a
Targetable Driver in Aggressive Triple-Negative Breast
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Triple-negative breast cancers (TNBC) are resistant to standard-
of-care chemotherapy and lack known targetable driver gene altera-
tions. Identification of novel drivers could aid the discovery of new
treatment strategies for this hard-to-treat patient population, yet
studies using high-throughput and accurate models to define the
functions of driver genes in TNBC to date have been limited. Here,
we employed unbiased functional genomics screening of the 200
most frequently mutated genes in breast cancer, using spheroid
cultures to model in vivo-like conditions, and identified the
histone acetyltransferase CREBBP as a novel tumor suppressor in
TNBC. CREBBP protein expression in patient tumor samples was
absent in 8% of TNBCs and at a high frequency in other tumors,
including squamous lung cancer, where CREBBP-inactivating
mutations are common. In TNBC, CREBBP alterations were
associated with higher genomic heterogeneity and poorer patient

Introduction

The genetic landscape of human cancers has been comprehensively
mapped by large sequencing efforts such as The Cancer Genome Atlas
(TCGA; refs. 1-3), which have revealed many of the recurrent muta-
tion events that are present in different tumor types. However, most of
these mutations have not as yet been established as bona fide “drivers”
or exploited therapeutically. It remains a formidable challenge to
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survival and resulted in upregulation and dependency on a
FOXML1 proliferative program. Targeting FOXM1-driven prolif-
eration indirectly with clinical CDK4/6 inhibitors (CDK4/6i)
selectively impaired growth in spheroids, cell line xenografts,
and patient-derived models from multiple tumor types with
CREBBP mutations or loss of protein expression. In conclusion,
we have identified CREBBP as a novel driver in aggressive TNBC
and identified an associated genetic vulnerability in tumor cells
with alterations in CREBBP and provide a preclinical rationale
for assessing CREBBP alterations as a biomarker of CDK4/6i
response in a new patient population.

Significance: This study demonstrates that CREBBP genomic
alterations drive aggressive TNBC, lung cancer, and lymphomas
and may be selectively treated with clinical CDK4/6 inhibitors.

investigate the “long tail” of driver mutations in relevant cancer
models, however, the identification of novel cancer genes and resultant
cancer-specific vulnerabilities is needed, in particular for aggressive
tumor types that are resistant to current treatment options.

It is now appreciated that more complex models of cancer are
required to fully appreciate the contributing factors that drive tumor-
igenesis in vivo and increase the efficacy of novel therapies that
make the transition from preclinical models to clinical trials. One
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high-throughput way of achieving this is through the use of 3D
spheroid cultures, which more accurately recapitulate the in vivo
features of cancer, such as hypoxia, altered cell-cell contacts, and
metabolism (4, 5), and allow high-throughput assessment of novel
genetic dependencies involved in cancer progression.

Current therapeutic strategies for the treatment of human cancers
using precision medicine approaches have achieved clinical success
through either direct targeting of oncogenic dependencies (e.g., HER2-
targeted therapy in HER2-amplified breast cancer), or through syn-
thetic lethal approaches (e.g., the use of PARP inhibitors in BRCA1/2-
mutant ovarian and breast cancers; refs. 6, 7). Synthetic lethality is an
attractive strategy for many cancer-associated genomic alterations;
however, it is reliant on distinct genetic alterations in cancer cells that
can act as predictive biomarkers to enable upfront patient stratifica-
tion. Identification of additional patient populations who would
benefit from treatment with clinically approved therapies would fast
track these indications through clinical trials. This is a desirable
strategy in particular for the most aggressive subtype of breast cancer,
triple-negative breast cancer (TNBC), which lacks expression of
estrogen receptor (ER), progesterone receptor, or HER2 receptors.
TNBCs are heterogeneous with a significant number of patients having
a high risk of early metastatic relapse, which are commonly resistant to
standard-of-care chemotherapy treatments (8, 9). TNBCs show a
distinct repertoire of copy-number alterations, mutations, and mRNA
expression, compared with hormone receptor-positive tumors, and
are characterized with higher levels of genomic instability (1, 2).
TNBCs display a high frequency of mutations in TP53, while they
also display a significant burden of mutations in a myriad of other
genes, albeit at a lower frequency (1). However, despite progress in
characterizing the genomic landscape of TNBCs, the majority of these
mutations have not been established as “drivers,” that is, have not been
functionally tested, meaning targetable biological dependencies
remain elusive (10). Together, this highlights the urgent need to
identify molecular drivers of TNBC disease progression to identify
actionable alterations that would increase the therapeutic options for
these patients.

In this study we aimed to (i) establish the functional impact of
recurrently mutated genes in TNBC, (ii) identify how to target these
through synthetic lethal approaches, and (iii) assess whether these
findings could be extended to other hard-to-treat aggressive cancers.
Using a functional genomics approach under conditions more similar
to those encountered in the unfavorable tumor microenvironment,
multicellular spheroid cultures, we silenced the 200 most frequently
mutated genes in breast cancer, and identified that inactivation of the
histone acetyltransferase (HAT) CREBBP significantly increased cell
growth in cancer cells that experienced nutrient stress, such as hypoxia.
We report that CREBBP protein expression is reduced in around one-
fifth of TNBCs, and is associated with a poorer survival. CREBBP
protein expression was also reduced in multiple other solid tumors,
including bladder, endometrial, and squamous lung cancers, which
harbor high frequencies of CREBBP mutations. We identified and
validated a mechanism whereby loss of CREBBP activity results in the
upregulation of and dependency on a FOXMI-driven transcriptional
proliferative program that renders cells selectively sensitive to CDK4/6
inhibition. This is seen in multiple tumor types with CREBBP altera-
tions, which we validated using both in vitro and in vivo models. On the
basis of these data, we highlight that CREBBP loss plays an important
role in driving the aggressive behavior of TNBC and other tumor types
and propose that CREBBP should be assessed as a biomarker of
CDK4/6 inhibitor (CDK4/6i) sensitivity in clinical trials, particularly
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in those tumor types where CREBBP genomic alterations are seen at
high frequency.

Materials and Methods

Reagents and cell lines

The MCF10a cell line was purchased from the ATCC (RRID:
CVCL_0598). The MCF10DCIS.com cell line was purchased from
Asterand, Inc. (RRID:CVCL_5552). MCF10NeoT, MCF10ATI,
MCF10Cala, MCF10Cald, and MCF10Calh (RRID:CVCL_5555,
RRID:CVCL_6675, RRID:CVCL_6683, RRID:CVCL_5554, RRID:
CVCL_6681, and RRID:CVCL_6679) were kindly provided by The
Barbara Ann Karmanos Cancer Institute (Detroit, MI). All progression
series cell lines were grown as described previously (11). Wild-type
(WT) and CREBBP-mutant (CREBBPmut; HZGHC001109c005)
cell lines were purchased from Horizon Discovery, and grown in
Iscove’s modified Dulbecco’s media supplemented with 10% FBS
and penicillin-streptomycin. DV-90, EVSA-T, SU-DHL-6, and
NU-DHL-1 cell lines (RRID:CVCL_1184, RRID:CVCL_1207,
RRID:CVCL_2206, and RRID:CVCL_1876) were purchased from
DSMZ (Germany) and grown in RPMI media supplemented with
10% FBS and penicillin-streptomycin. AN3CA, NCI-H520, NALM-6,
A549,H1299,HCT116, BT20, CAL-51, HCC70, HCC1937, HCC1806,
Hs578t, and MDA-MB-157 cell lines (RRID:CVCL_0028, RRID:
CVCL_1566, RRID:CVCL_0023, RRID:CVCL_0060, RRID:CVCL_0291,
RRID:CVCL_0178, RRID:CVCL_1110, RRID:CVCL_1270, RRID:
CVCL_0290, RRID:CVCL_1258, and RRID:CVCL_0332 RRID:
CVCL_0618) were obtained from the ATCC and grown in RPMI
media supplemented with 10% FBS and penicillin-streptomycin.
All cell lines were grown in a humidified incubator at 37°C with 5%
CO,. Cell lines were periodically tested to confirm no Mycoplasma
infection using MycoAlertTM Mycoplasma Detection Kit as per the
manufacturer’s instructions (Lonza). Cells were authenticated by
short tandem repeat typing with the Geneprintl0 Kit (Promega).
Cells were kept for a maximum of 10-15 passages from time of
thawing to experimentation.

siRNA spheroid screen

The gene library for the siRNA screen was chosen from a meta-
analysis of published breast cancer sequencing studies (1, 12-16),
choosing the top 200 recurrently mutated genes that encompassed
the top 100 genes in ER*, HER2", and TNBC, respectively (Supple-
mentary Table S1). Reverse transfection siRNA spheroid screens
were performed in triplicate as described previously (5, 11).
MCF10a, MCF10NeoT, MCF10AT1, MCF10DCIS.com, MCF10Cala,
MCF10Cald, and MCF10Calh cell lines were reverse transfected with
37.5 nmol/L of Dharmacon siGENOME siRNA using Lullaby Reagent
(OZ Biosciences). BT20, CAL-51, HCC70, HCC1937, HCC1806,
Hs578t, and MDA-MB-157 cell lines were reverse transfected with
37.5 nmol/L of Dharmacon siGENOME siRNA using Viromer
(Lipocalyx GmbH). Cell viability was measured after 5 days by
CellTiter-Glo. The progression series screen was analyzed using
z-score analysis. The TNBC cell line-targeted screen was analyzed
by plate median normalized values. Spheroids were imaged using a
Nikon TE 2000 Inverted Wide-field Microscope fitted with a motor-
ized stage, filter wheels, a Pro-Scan Controller (Prior Scientific),
Shutter (Sutter Instruments), Orca R2 Camera (Hamamatsu), and
84000v2 DAPI/FITC/TRITC/Cy5 Quad (Chroma Technology). The
microscope was operated by HCI imaging software 4.3.1.33. Experi-
ments were carried out at 37°C (Solent Scientific) and 10% CO,.
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Short hairpin RNA cell line generation

To generate of doxycycline-inducible TetOnPLKO-shRNA cell
lines, short hairpin RNA (shRNA) sequences targeting CREBBP or
nontargeting control (NTC) were cloned into the TetOn-pLKO-puro
lentiviral vector as described previously (17). Clone IDs for shRNAs
are as follows: shCREBBP #27 (TRCN0000011027) and shCREBBP
#81 (TRCN0000356081). Lentiviruses were produced by cotrans-
fecting HEK293T cells with lentiviral and packaging plasmids
pCMVARS8.91 and pMD.G. Supernatants were collected 72 hours
after transfection, mixed with polybrene (8 pg/mL), and used to
infect cells. Cells were selected in medium containing puromycin

(2 ug/mL).

Tissue microarrays

Tissue microarray (TMA) slides [BR10011a (1 = 100), BL802a (n =
60), EMC1021 (n = 97), HLug-Squ150CS-01 (n = 75), and OV2084a
(n=193)] were purchased from US Biomax, Inc. An additional TNBC
series “Belgrade” was assembled from a consecutive series of primary
untreated cases (n = 175) from The Institute of Oncology and
Radiology of Serbia (Belgrade, Serbia), with three representative cores
per tumor. Written informed consent was obtained, where appropri-
ate, from the patients, and studies were conducted in accordance with
recognized ethical guidelines (Declaration of Helsinki and CIOMS)
and were approved by an institutional review board. Antibody staining
was performed (see Supplementary Methods). TMAs were assessed for
nuclear CREBBP protein expression in the malignant epithelium only,
using a modified Allred score. Only technically sound cores containing
>20% invasive tumor cells were included in the analysis. Cores were
evaluated by consultant pathologists (H. Cottom and I. Roxanis) for
both intensity (0, no stain; 1, mild; 2, moderate; and 3, strong) and
percentage of epithelial cells that stained positive (0, absent; 1, back-
ground; 2, 1%-25%; 3, 26%-50%; 4, 51%-75%; and 5, >75%; Fig. 1).
Scores were derived from a sum of the intensity and percentage of
immunoreactive cells; an average score of 0 for each tumor was
considered as negative/absent, a score of 7 or 8 as high, a score of
4-6 as intermediate expression, and a score of <4 as low expression.

In vivo assessment of palbociclib efficacy

All animal work was carried out with UK Home Office approval.
A total of 1 x 10° NCI-H520 cells or 2 x 10° SU-DHL-6 cells were
injected subcutaneously with Matrigel into right flank of 8-week-old
female NOD scid gamma (NSG) nude mice. Once tumors showed
an increase in tumor size (caliper measurement), animals were
randomized into two groups, which were treated orally with
100 mg/kg of palbociclib (Pfizer) or vehicle control (sodium lac-
tate), daily. Operators were blinded to which cohort received
palbociclib and to which cohort received vehicle. Tumor burden
was calculated using the following equation: v = 0.52 x length X
width® (the length should be recorded as the longest diameter).
Animals were sacrificed when the humane endpoint was reached
(12 mm in diameter). Statistical analysis was performed using
Prism. In vivo efficacy for CTG-0869 and CTG-2055 was performed
by Champions Oncology, where cells were implanted into 8-week-
old female nu/nu nude mice. A surrogate of animal survival was
determined when the tumor size reached a predefined volume of
500 mm® (SU-DHL-6 and NCI-H520) or 1,000 mm® (CTG-0869).
Survival curves were analyzed by Kaplan-Meier method, with a log-
rank Mantel-Cox test P < 0.05 being considered significant. Tumors
were formalin-fixed and paraffin-embedded, and slides were stained
with hematoxylin and eosin (H&E), or IHC was performed with
antibodies against Ki-67 as described above.
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Data availability

Raw proteomic data are available in PRIDE (RRID:SCR_012052)
with accession no., PXD0120978. Single-cell data have been deposited
in the European Nucelotide Archive with accession no., PRJEB32846.
Code used in the analysis of this data is provided at https://zenodo.org/
record/4020438.

Supplementary Materials
references (18-30).

and Methods online contain

Results

Identification of CREBBP as a novel driver in TNBC

To establish which recurrently mutated genes in TNBC operate as
“drivers,” we established an siRNA library that targeted the most
frequently mutated genes (n = 199) in unselected breast cancers
(Fig. 1A; Supplementary Table S1). We performed unbiased func-
tional genomics screens with a two-pronged approach; using the
isogenic MCF10 model of TNBC progression (MCF10 cell line pro-
gression series) and validation screen in a nonisogenic panel of TNBC
cell lines, grown as 3D spheroids to recapitulate in vivo-like condi-
tions, such as hypoxia and nutrient depletion (Fig. 1B; Supplementary
Table S2; refs. 4, 5, 11, 31, 32). We chose the MCF10 progression series
for an initial screen as we have shown previously that this is a good
model to identify novel genetic dependencies involved in the progres-
sion of breast cancer when cells are grown in 3D, and although this
model harbors an activating HRAS mutation, these have recently been
found to be present in aggressive breast cancers (5, 11, 33). Analysis of
the initial screen identified distinct known oncogenic dependencies,
including PIK3CA, where reduced cell viability was seen only in cells
harboring the H1047R hotspot mutation and a potential novel onco-
genic dependency in cells harboring a SZT2 T211R mutation (Sup-
plementary Fig. SIA). siRNAs targeting the known tumor suppressor
genes RB1 and PTEN caused a significant increase in viability in one or
more cell lines, as well as a series of genes not previously implicated in
TNBC, including KMT2C, NIPBL, and CREBBP (Fig. 1B; Supple-
mentary Fig. S1B), suggesting loss of these genes may affect multiple
stages of TNBC progression. Although we observed differences in the
effect of gene silencing with some of these, perhaps due to genetic or
epigenetic differences, the observed phenotypic effect in multiple cell
lines, however, suggested these are bona fide driver genes. The majority
of these effects were specific to 3D culture conditions (Fig. 1C;
Supplementary Table S3), including KMT2C, NIPBL, and CREBBP,
which promoted growth in multiple cell line spheroids, whereas
silencing of PTEN had a smaller relative effect. To ascertain which
alterations could be driving growth in diverse genetic backgrounds, we
assessed the top 50 target gene siRNAs in a heterogeneous panel of
TNBC cell line spheroids. This showed that silencing the lysine
acetyltransferase CREBBP and RBI had the greatest impact on increas-
ing viability across multiple TNBC cell lines (Fig. 1D; Supplementary
Fig. S1C). In contrast to our findings in a 3D culture setting, assessment
of CREBBP silencing from multiple large-scale publicly available 2D
CRISPR and shRNA screens, did not result in an observed increased
cellular viability when CREBBP was silenced (Supplementary
Fig. S1D-SIF). Together, these results validate the primary screen in
the MCF10 cells and show that CREBBP silencing also promotes
growth in a 3D-specific manner in cancer cells derived from patients
with TNBC. Interestingly, those cell lines that showed a significant
growth advantage upon CREBBP silencing harbored an enrichment of
PIK3CA/PTEN genomic alterations (P = 0.0476, Fisher exact test).

We next validated this finding using a number of orthogonal
approaches. Deconvolution of siRNAs targeting CREBBP showed that
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all individual sequences resulted in a reduction in CREBBP mRNA and
protein levels and an equivalent increase in spheroid size (Supple-
mentary Fig. S2A-S2D). CREBBP-silenced spheroids displayed a
reduction in CREBBP protein expression and concomitant increase
in Ki-67 staining (Fig. 1E), suggesting that this increase in size was
because of an increased proliferative capacity. Silencing of CREBBP
with two distinct doxycycline-inducible shRNA hairpins increased
MCF10DCIS.com spheroid growth after 14 days (Supplementary
Fig. S2E), and was maintained up to 30 days, showing that that
continued suppression of CREBBP expression results in a sustained
increase in spheroid growth (P < 0.05, t test; Supplementary Fig. S2F).

CREBBP loss promotes growth under nutrient stress conditions,
and leads to global acetylation differences and increased
transcriptomic heterogeneity

Our findings, demonstrating CREBBP loss specifically promoted
growth in 3D conditions, are in agreement with a recent study using
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whole-genome CRISPR screening in lung cancer, which also found
CREBBP knockout had a marked 3D-specific increase on spheroid
size (4). These results, hence suggest that environmental factors
could impact its capacity as a tumor suppressor gene. Silencing of
CREBBP in 2D culture under full-serum normoxic conditions
resulted in a reduction of cell number, whereas cell viability was
increased in CREBBP-silenced cells grown under low-serum con-
ditions (Fig. 2A). Growth under both hypoxia and low-serum
conditions showed a substantial increase in cell number relative
to siControl cells (Fig. 2A), suggesting that both nutrient stress and
hypoxia are required for CREBBP-silenced cells to acquire a growth
advantage. The phenotypic effect of CREBBP was further confirmed
in a CREBBPmut and WT isogenic cell line model derived from the
haploid leukemia cell line, HAP1 (Supplementary Fig. S2G). HAP1
CREBBPmut cells had a marked 4-fold increase in cell viability and
significant increase in spheroid volume (P < 0.001, t test), but a
significantly lower cell viability in 2D culture in keeping with our
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observations in the MCF10a cell lines, and thus highlighting the
utility of this model (Fig. 2B).

CREBBP is a HAT that regulates the acetylation status of both
histone and nonhistone proteins (34) and loss-of-function mutations
drive B-cell lymphoma (BCL), small-cell lung cancer (SCLC), and
pediatric acute lymphoblastic leukemias (35-38). We thus sought to
characterize acetylation changes at the protein level induced by
CREBBP mutations by using mass spectrometry in the HAP1 WT
and CREBBPmut cell model due to the fact CREBBP loss had the
largest phenotypic effect in this model. This analysis identified 52
internal acetylated and 267 N-terminal acetylated peptides mapping to
known proteins that were detected in CREBBPmut and WT cells
(Supplementary Table S4). Of these, two of 52 internal acetylated
peptides were differentially expressed between CREBBPmut and WT
cells, whereas 92 of 267 N-terminal acetylated peptides were differ-
entially expressed in CREBBPmut cells compared with WT cells (FDR
corrected P < 0.1, t test; Supplementary Table S4). These included
dysregulation of internal acetylated peptides of the nonhistone pro-
teins, including ZNF846 and HSP90ABI1. The most significantly
downregulated N-terminal lysine residues mapped to histone H3
(HIST3H3 and H3F3A), histone H2, and histone H4, in line with
CREBBP’s known function (Fig. 2C, i). Furthermore, pathway analysis
of these differential N-terminal acetylated proteins highlighted histone
deacetylase (HDAC) class III signaling (involved in the deacetylation
of acetyl lysine substrates) to be the most significantly enriched
pathway (Supplementary Table S4). In agreement with this, we
identified that the majority (38/56, 68%) of all detected HDAC and
HAT proteins showed a significant difference in total protein expres-
sion in CREBBPmut cells. These included a number of proteins with
acetyltransferase and deacetylase activity (e.g., downregulation of
HDAC4, 6, and 9, upregulation of HDACI and 2, as well as upregula-
tion of a number of proteins with N-terminal de/acetylase
activity; Fig. 2C, ii; Supplementary Table S4; including ESCO2 and
the H2A- and H4-specific N-terminal transferase NAA40). As a
consequence of HAT/HDAC dysregulation, cells were significantly
more sensitive to the broad range HDAC inhibitors, tricostatin A and
vorinostat, than WT cells (Fig. 2D). Taken together, these results
indicate that loss of CREBBP results in global dysregulation of
N-terminal acetylation of lysine acetylation modulators, suggesting
an irreversible rewiring of epigenetic patterns that subsequently lead to
changes in the total and phosphoproteome.

To further quantitatively assess whether loss of CREBBP led to
diverse/global changes at the transcriptomic level, we performed
single-cell RNA sequencing of CREBBPmut and WT HAP1 spheroids
using the 10X Genomics platform. By performing unsupervised
pseudotime reconstruction analysis to study the gene expression
dynamics in heterogeneous cell populations (22), we found that
CREBBPmut cells clustered into 11 distinct transcriptional states
compared with seven in WT cells, suggesting loss of CREBBP results
in global transcriptomic alterations, again in agreement with its known
function (Fig. 2E). By overlaying the published “Buffa” hypoxia
signature (39) onto these trajectories, we found that the CREBBPmut
cells displayed a divergent response to hypoxia compared with WT
cells, with WT cells showing a distinct canonical response to hypoxia as
there was a single, but large subpopulation that showed an increase in
hypoxic gene signature expression. In contrast, cells from CREBBPmut
spheroids did not display transcriptional changes in response to
hypoxia (Fig. 2F). Indeed, when we analyzed the protein expression
of the proliferative marker Ki-67, CREBBPmut spheroids had sus-
tained expression of Ki-67 toward the center of the sphere, while WT
spheroids did not, suggesting that CREBBPmut cells were more able to
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proliferate under an unfavorable environment (Fig. 2G). Moreover,
CREBBPmut spheroids displayed ubiquitous staining of the hypoxic
marker, carbonic anhydrase IX (CAIX), whereas WT spheroids
showed only an increase in CAIX toward the core, supporting the
hypothesis that CREBBPmut spheroids are distinct in how they
respond to low oxygen. As hypoxic cells heavily rely on glycolysis for
energy production rather than lactate (as in normoxic cells), inhibition
of monocarboxylase transporter 1 (MCT1), which controls bidirectional
transport of lactate across the extracellular membrane, has been shown to
preferentially kill hypoxic cells through glucose deprivation (40). Indeed,
treatment with the MCT1 inhibitor, AZD3965, significantly reduced
viability in CREBBPmut spheroids, while having no effect on WT
spheroids (Fig. 2H). Together, these results suggest that loss of CREBBP
induces hypoxia in cells and promotes their survival when they encoun-
ter nutrient stress and low oxygen conditions.

CREBBP protein expression is associated with a poor outcome
in TNBC and protein loss is common in other tumor types that
harbor CREBBP mutations

To investigate the clinical implications of CREBBP alterations in
TNBC, we evaluated patient data from TCGA (1, 2) and Molecular
Taxonomy of Breast Cancer International Consortium (METABRIC)
cohorts (1,41). The mutational frequency of CREBBP in breast cancer
(TCGA) identified an enrichment of mutations in TNBCs, compared
with ER" disease (Fig. 3A). In addition, heterozygous CREBBP copy-
number losses were observed in 25%-33% of patients from TCGA,
METABRIC, and Memorial Sloan Kettering Cancer Center (MSKCC)
cohorts (Fig. 3B; refs. 1, 33, 41). Stratifying patients as WT or with
CREBBP mutations and/or copy-number losses (CREBBPaltered)
showed that CREBBPaltered tumors had a significant reduction in
CREBBP mRNA expression (P < 0.05, t test; Fig. 3C), indicating a
dose-dependent correlation between copy number and gene expres-
sion. Assessment of CREBBP protein expression on TMAs from two
independent cohorts of TNBCs (n = 174) identified a reduction in
CREBBP protein levels in 48.3% of TNBCs, with 20.1% showing either
low or no CREBBP protein expression (11.5% low and 8.6% no
expression, respectively; Fig. 3D). We also observed a significant
correlation between CREBBP mRNA expression and protein expres-
sion, as detected by IHC (P = 0.004, Mann-Whitney U test; Supple-
mentary Fig. S3A). TNBCs that had lower levels of CREBBP mRNA
expression had a significantly reduced disease-specific—free survival
(DSS), compared with high expressing tumors in the METABRIC
cohort [P = 0.021, Wald test; hazard ratio, 0.48; 95% confidence
interval (CI), 0.26-0.90, multivariable analysis; Fig. 3E]. Corroborat-
ing these results, a trend toward an association of reduced CREBBP
protein levels and poorer distant metastasis-free survival (DMFS) was
observed using IHC in patients with TNBC (P = 0.11, Wald test;
hazard ratio, 0.52; 95% CI, 0.23-1.16, multivariable analysis; Fig. 3F).
A significant association with DMFES was also observed at the mRNA
level in the Belgrade cohort (P = 0.04, Wald test; hazard ratio, 0.48;
95% CI, 0.24-0.97, multivariable analysis; Fig. 3G).

Additional analysis of TCGA data identified that a considerable
proportion of other solid tumors had a high frequency of alterations in
CREBBP, including uterine, ovarian, squamous lung, and bladder
cancers (Supplementary Fig. S3B). Moreover, protein assessment with
IHC on TMAs of endometrial, squamous lung, bladder, and high-
grade serous ovarian cancers identified a substantial proportion
of these tumor types to have reduced CREBBP protein levels (Allred
score < 4; Supplementary Fig. S3C), highlighting that loss of CREBBP
protein expression is a recurrent alteration that occurs in multiple
tumor types.

Cancer Res; 81(4) February 15, 2021

Downloaded from cancerres.aacrjournals.org on February 5, 2021. © 2021 American Association for Cancer
Research.

OF5


http://cancerres.aacrjournals.org/

Published OnlineFirst January 28, 2021; DOI: 10.1158/0008-5472.CAN-20-1822

Peck et al.

N-terminal acetylation

>
w
o
o

3 1501 @ WT
HISTSHS X CREBBPmut
H3F3A T
200 = =T CAA g
' norm a x 9 B[ U1k pemomnaceperry-ommory
o M LS/norm CREBBPmut o “r e s g ._._2]50.6nmohfl._
3 150 FSihyp > 600 o | HisT2H2BF 23 & o
H LSthyp E_ g 8250 g
S — i
g £ ge.f_ 400 T o1 > 55,6 nmaliL .
2 £ 100 25 2 e
5 8 £3 200 © S
29 3 i 10 10 103
2 50 4 -2 0 2 TSA (nmoliL)
= D 3D
(S] CREBBPmut ii
1z ] - 5 g 150
On O Gy *—ESCO2 N
Q’o S 0@@ . HDAC4 KA ] 1,768 nmoliL
%, %@ a 2 J —HoACs [ g £ B0 —R g -
2 o o —~ HDAC1 e E e
= " NAA4D £38 822 nmollL ®
2  |Hoace_ HDAC2 39 5
E F L P 5
p300 O]
6 ~5 -
1] B - Q 0 :
o o~ 4 0.5 1.0 15 102 10" 109 10!
E § 2 WT vs. CREBBPmut Vorinostat (umol/L)
= B
S 2
£
S O -2 G H
-4 v 150
N
-3 £
" A o E 100 B
. | o £ Ec
R € 4 o# £38 e,
£ .. 5 . 1 _g £ 50 o
§ 0%m S oi%s S - WT
£ g - < CREBBPmut
8 -4 O -4 g- Q 0
g - 102 102 10" 100
-8 - GREBBPmIt -8 CREBBPMut @ AZD3965 (umollL)
5 0 5 10 5 0 5 10 o
Component 1 Component 1 9
Figure 2.

CREBBP loss promotes growth under nutrient stress and hypoxia conditions and confers sensitivity to HDAC and MCT1 inhibition. A, Bar chart depicting normalized
cell viability as assessed with CellTiter-Glo of MCF10AT1 cells that were grown in 2D under differing serum (full/10% and low/1% FBS) and oxygen (normoxia/20% and
hypoxia/1% 02) and in combination for 4 days. siUBB was used as a positive cell killing control. B, Bar chart representing isogenic HAP1 cell growth in 2D and 3D for
7 days. Representative bright-field images of WT and CREBBPmut spheroids are also shown. *, P< 0.05, ***, P < 0.0001. C, Volcano plot of the significantly altered
N-terminal acetylated peptides between CREBBPmut and WT cells (i). HAPT WT and CREBBPmut spheroids were grown for 5 days. Log,-fold change is plotted
against —log;o of FDR corrected P value. Histone proteins are highlighted in blue. Volcano plot of fold change of total protein expression of histone acetylase and
deacetylases plotted against FDR corrected P value (ii). D, Dose-response curves of HAPTWT and CREBBPmut spheroids treated with increasing concentrations of
HDAC inhibitors, tricostatin A (TSA) and vorinostat for 5 days. E, Single-cell RNA sequencing analysis after 7 days of growth. DDRTree visualization and 2D
embedding showing constructed pseudotime transcriptional states for WT and CREBBPmut spheroid cells, depicting an increased number of branches in the
CREBBPmut cells, indicative of differential transcriptional programs over time. F, Single-cell RNA sequencing from E was also analyzed for the presence of a hypoxia
gene signature. G, Representative micrographs of CREBBP, Ki-67, and CAIX expression in HAP1 WT and CREBBPmut spheroids. Scale bar, 100 um, indicating
increased proliferation in CREBBPmut cells and increased levels of the hypoxia marker, CAIX. H, Dose-response curves of HAP1 WT and CREBBPmut spheroids
treated with increasing concentrations of the selective MCT1inhibitor, AZD3965, for 5 days, showing that CREBBPmut cells are selectively sensitive to MCT1inhibition.
Spheroid viability was assessed using CellTiter-Glo and normalized to DMSO-treated cells. FS/norm, full-serum normoxic; FS/hyp, full-serum hypoxia; LS/norm, low-
serum condition; LS/hyp, hypoxia and low-serum condition.

Recent data have highlighted the importance of cellular phenotypic
heterogeneity in therapeutic resistance in ER* breast cancer mediated
through disrupted expression in the lysine deacetylase protein,
KDMS5 (24). Akin to this, we hypothesized that alterations in CREBBP
may also lead to changes in tumor heterogeneity in TNBC. Indeed,
patients with CREBBP alterations displayed a higher transcriptional
diversity at the gene, isoform, and exon level (P < 0.01, Welch ¢ test)
and higher mutational burden (Fig. 3H and I; Supplementary
Fig. S3D). These observations suggest that CREBBP status in patients
influences transcriptomic heterogeneity, a known factor, that may
determine treatment response (42), in keeping with our observed
correlations with a poor patient outcome.

OF6 Cancer Res; 81(4) February 15, 2021

CREBBP alterations lead to increased proliferation via FOXM1
expression and activity and are selectively sensitive to
CDK4/6is

To elucidate altered pathways driving the aggressive nature of
CREBBPaltered TNBCs, we compared the transcriptomic profiles and
reverse phase protein array (RPPA) proteomic profiles from patients
with CREBBPaltered TNBC with and without CREBBP alterations
(WT) from TCGA. In total 1,062 transcripts and 21 proteins (total or
phosphorylated) were significantly up- or downregulated in CREBB-
Paltered TNBCs (Fig. 4A; Supplementary Table S5). Common
pathways enriched at both the gene expression and protein level
in CREBBPaltered TNBCs identified the oncogenic FOXM1I
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Figure 3.

CREBBP protein expression is associated with a poor prognosis in TNBC. A, Frequency plot of CREBBP mutations in breast cancer (from TCGA) stratified on subtype.
B, OncoPrint plot of genomic alterations in CREBBP in a combined analysis of TNBC (n = 709) from TCGA, METABRIC, and MSKCC cohorts. Frequencies of additional
genomic alterations in TNBC are also depicted. C, CREBBP mRNA expression in TNBCs stratified on CREBBP status in TCGA and METABRIC. *, P< 0.05. D, Bar chart
depicting frequency of CREBBP protein expression in TNBCs from TMAs of the Belgrade and BR10011a cohorts combined (n = 174). Representative micrographs of
CREBBP protein expression are shown from Belgrade cohort and corresponding Allred scores. Scale bar, 100 um. E, Kaplan-Meier plots for DSS in TNBCs from
METABRIC cohort (n = 276) and were stratified on their CREBBP mRNA expression (high, intermediate, and low). Multivariable survival analysis was performed by
taking into account CREBBP mRNA expression status, age, tumor size, node status, and grade. F, Kaplan-Meier plots for DMFS in TNBCs that were stratified on their
CREBBP protein expression (high and low) from the Belgrade cohort that had associated outcome data. Low CREBBP expression was defined as Allred score < 4.
Multivariable survival analysis was performed by taking into account CREBBP protein expression status, age, tumor-node-metastasis (TNM) stage, and grade.
G, Kaplan-Meier plots for DMFS in TNBCs that were stratified on their CREBBP mRNA expression (high and low) from the Belgrade cohort that had associated
outcome data. Multivariable survival analysis was performed by taking into account CREBBP mRNA expression status, age, TNM stage, and grade. H, Box plots of the
diversity of gene, isoform, and exon expression in CREBBP WT and CREBBPaltered TNBCs. Diversity index was calculated using Shannon equitability index. I, Box
plots of the mutational burden in CREBBP WT and CREBBPaltered TNBCs.
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Figure 4.

CREBBPaltered cancers show increased FOXMI-driven proliferation. A, Volcano plot of fold change in protein expression (x-axis) from RPPA data of TNBCs stratified
on CREBBP status, plotted against -log10 P value (y-axis). Significant alterations in protein expression are highlighted in orange (FDR corrected P< 0.1). B, Box plot of
FOXMT1 gene activity in CREBBPaltered TNBC. mRNA expression from TCGA was used to calculate FOXM1 activity utilizing a rank-based enrichment analysis (see
Supplementary Materials and Methods). C, Venn diagram of significantly altered proteins between CREBBPaltered and WT tumors from RPPA data of TNBCs,
endometrial cancers, and bladder cancers. D, Representative micrographs of FOXM1 protein expression from 7-day spheroids of MCF10DCIS.com after siRNA
silencing of CREBBP or NTC. Text depicts IHC quantification (Allred scores). Scale bar, 200 um. E, Bar plot of fold change in phosphorylated protein expression
(x-axis) from mass spectrometry assessment of day 4 spheroids of HAPT WT and CREBBPmut spheroids, plotted against -log;o P value (y-axis). *, P < 0.05. F, A
diagram of FOXMT1 and the proteins that regulate its activity. Direct and indirect inhibitors are highlighted.

transcription factor network to be the most significantly enriched
pathway in CREBBPaltered tumors (protein level g value = 7.01E-9
and transcript level g value = 2.28E-6). This unbiased analysis also
identified enrichment of a number of pathways involving G,-S-phase
cell-cycle control (Supplementary Fig. S4A; ref. 43), highlighting that
in patients with TNBC CREBBP alterations lead to increased prolif-
eration, in keeping with our observations in vitro. Further analysis of
TCGA patient RNA sequencing data by using unbiased transcription
factor activity module analysis (30) also highlighted that CREBBPal-
tered TNBCs showed significantly higher FOXM1 transcriptional
activity (P = 0.011, ¢ test; Fig. 4B). FOXM1, and known downstream
targets were also significantly upregulated at the protein level in
bladder and endometrial cancers with genomic alterations in CREBBP,
demonstrating that increased proliferation is a general feature of
CREBBPaltered tumors (g value < 0.05; Fig. 4C; Supplementary
Fig. $4B and S4C). FOXMI upregulation was further validated in
CREBBP-silenced MCF10DCIS.com spheroids (Fig. 4D), as well as
HAP1 CREBBPmut cells (Supplementary Fig. S4D) by using IHC.
Assessment of the phosphoproteome of WT and CREBBPmut
spheroids highlighted a significant increase in FOXM1 phospho-
rylation on residues S522 and S611 in CREBBPmut spheroids
(Supplementary Table S4), which are two sites that have been
shown to be exclusively regulated by CDK4/6 (Fig. 4E; ref. 20).
In addition, we identified an enrichment of CDK4 and CDKG6 kinase
motifs in the CREBBPmut spheroids, suggesting that loss of
CREBBP leads to enhanced CDK4 and CDKG6 activity (Supplemen-
tary Fig. S4E; refs. 20, 21).

OF8 Cancer Res; 81(4) February 15, 2021

FOXMI1 can be indirectly targeted through suppression of CDK4/6
phosphorylation sites using CDK4/6i (Fig 4F; ref. 20). Indeed, treat-
ment of WT and CREBBPmut spheroids with three structurally
distinct clinical CDK4/6is (ribociclib, palbociclib, and abemaciclib)
demonstrated a marked increase in sensitivity in CREBBPmut
cells compared with WT cells (CREBBPmut SF50 were 180, 434, and
1,594 nmol/L and WT SF50 were >10, 6.4, and >10 pumol/L for
palbociclib, abemaciclib, and ribociclib, respectively; Fig. 5A). No
difference was observed in sensitivity upon treatment with the
CDXK2/7/9 inhibitor, SNS-032, highlighting the specificity of targeting
CDK4 and CDKG6 in these cells. Confirming our phosphoproteomic
analysis, we observed an increase in FOXM1 phosphorylation (S35) in
CREBBPmut spheroids, which was reduced with exposure to the
CDK4/6i, palbociclib, in CREBBPmut spheroids, while little effect
was detected in WT spheroids (Fig. 5B). Treatment of cells with
CDK4/6i also led to a concomitant decrease in cyclin B protein
expression, and reduced mRNA expression of known direct FOXM1
target genes AURKB, CCNB1, CCNE1, CDC25C, and CENPF (Fig. 5C),
demonstrating that CDK4/6i could selectively target the proliferative
transcriptional activity of FOXM1 in CREBBPaltered cells. We further
validated the CREBBP/CDK4/6i association in a histologically
diverse panel of tumor cell lines. Compared with WT cell lines
(lung: A549 and H1299 and colon: HCT116), additional CREBBP-
mutant lung, endometrial, leukemia, and BCL cell lines (NCI-
H520, AN3CA, NALM-6, SU-DHL-6, and NU-DHL-1) were sig-
nificantly more sensitive to palbociclib (P = 0.0099, t test),
indicating that this effect is likely not restricted to cancer cells
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CREBBP loss sensitizes cells to CDK4/6i. A, Dose-response curves of HAP1 WT and CREBBPmut cells treated with increasing concentrations of the clinical CDK
inhibitors, ribociclib, abemaciclib, palbociclib, and SNS-032 at the concentrations indicated. B, Western blot analysis of protein lysates of HAP1 WT and CREBBPmut
cells treated with 1Tumol/L of palbociclib or DMSO for 48 hours showing suppression of specific phospho sites in CREBBPmut cells. C, Bar chart of relative mRNA
expression of FOXMT target genes in HAP1WT and CREBBPmut cells ++/— palbociclib (250 nmol/L), abemaciclib (500 nmol/L), or DMSO treatment at 24 hours after
cell seeding for 72 hours. Gene expression was quantified using RT-PCR. D, Dose-response curves of a panel of nonisogenic cancer cell lines (WT: lung, A549 and
H1299 and colorectal, HCT116; and CREBBPmut: lung, NCI-H520; endometrial, AN3CA; leukemia, NALM-6; and lymphoma, SU-DHL-6 and NU-DHL-1) spheroids
treated with increasing concentrations of palbociclib for 5 days and displayed according to CREBBP status. E, Bar chart of SF50 values of nonisogenic CREBBPmut
and WT cell lines grown as spheroids and treated with palbociclib for 5 days. *, P < 0.05.

from just one tumor type (Fig. 5D and E). In addition, in TNBC
cell lines, where CREBBP silencing leads to increased growth, it
also induced a greater sensitivity to palbociclib compared with the
NTC (Supplementary Fig. S5A). In line with the 3D-specific effect
of CREBBP silencing on growth, we also found that sensitivity to
CDK4/61 was specific to spheroid cultures (Supplementary
Fig. S5B-S5D).

AACRJournals.org

CREBBPaltered cells show selective sensitivity to CDK4/6is
in vivo

We next assessed whether the clinically approved CDK4/6i, palbo-
ciclib, could inhibit CREBBPaltered tumors in vivo. To do this, we
generated cohorts of mice with established xenograft tumors derived
from either the high-grade lymphoma cell line SU-DHL-6 that harbors
an inactivating frameshift mutation (L470*) in CREBBP (36) or the
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Figure 6.

CREBBPaltered tumors are sensitive to CDK4/6i in vivo. A, Chart depicting tumor volume of the therapeutic response to palbociclib treatment in immunocom-
promised mice bearing CREBBPmut SU-DHL-6 tumors over time. Tumor volumes after the initiation of treatment are shown. *, P < 0.05. B, Chart depicting tumor
volume of the therapeutic response to palbociclib treatment in immunocompromised mice bearing CREBBPmut NCI-H520 tumors over time. Tumor volumes after
the initiation of treatment are shown. C, IHC staining of representative tumors harvested from CREBBPmut NCI-H520 tumors for Ki-67 and H&E staining. Scale
bar, 100 um. D, Bar chart showing the quantification of mitotic counts in palbociclib- and control-treated animals from C. E, Bar chart depicting SF50 values of
palbociclibin a panel of TNBC PDOs. CREBBP and RBI1 status are shown. F, Representative micrographs of H&E staining and CREBBP protein expression of the TNBC
PDX CTG-0869 depicting protein loss of CREBBP. Scale bar, 100 um. G, Chart depicting CTG-0869 tumor volume of the therapeutic response to palbociclib treatment
inimmunocompromised mice. Tumor volumes after the initiation of treatment are shown. H, Chart depicting tumor growth inhibition as percentage of DMSO-treated

mice bearing CTG-0869 and CTG-2055 TNBC xenografts treated with palbociclib at 100 mg/mL after 3 weeks of treatment until experiment endpoint.

aggressive lung squamous cell carcinoma cell line NCI-H520, which
harbors the recurrent CREBBP hotspot mutation R1446C, resulting
in inactivation of HAT domain activity (44). Continuous treatment
of tumors with palbociclib (100 mg/kg) daily for 14-16 days had a
marked effect on tumor growth and weight (P < 0.05, ¢ test; Fig. 6A
and B) and significant increase in survival (P = 0.0178, SU-DHL-6 and
P = 0.0002, NCI-H520; Supplementary Fig. S6A-S6E). Palbociclib-
treated tumors displayed a significant reduction in the proliferative
fraction of the tumor measured by Ki-67 expression (P = 0.0089,  test)
and mitotic index (P = 0.0160, t test; Fig. 6C and D). To model the
clinical scenario, a chemotherapy pretreated TNBC (CTG-0869)
patient-derived organoid (PDO) negative for CREBBP protein expres-
sion that showed no clinical response to docetaxel or capecitabine/
bevacizumab, grown ex vivo was sensitive to palbociclib treatment
(SF50 = 160 nmol/L; Fig. 6E), whereas CREBBP-null RB1-deficient
and CREBBP WT RBI1-proficient TNBC PDOs were not (Fig. 6E;
Supplementary Fig. S7). Treatment of the CREBBP-null RBI-
proficient model CTG-0869 grown in vivo also showed a significant
reduction in tumor growth and extended survival, an effect that
was superior to the chemotherapy gemcitabine (Fig. 6F-H; Supple-
mentary Fig. S8A-S8C). Moreover, palbociclib treatment of an addi-
tional CREBBP-null RB1-null TNBC patient-derived xenograft (PDX)
CTG-2055 in vivo showed no response (Supplementary Fig. S8D).
Together, our results demonstrate that CREBBP is a novel tumor

OF10 Cancer Res; 81(4) February 15, 2021

suppressor gene in TNBC and suggest that CDK4/6i could have
potential as treatments for aggressive CREBBPaltered cancers, which
have failed standard treatment.

Discussion

Our approach using 3D spheroid models to identify novel cancer
drivers identified a number of genes not previously implicated in
TNBC pathogenesis. Our data deconvoluting the phenotypic effect of
CREBBP silencing suggest that this is likely to be regulated via hypoxia
and nutrient stress. This is in keeping with recent studies demonstrat-
ing that histone demethylases directly sense oxygen to control chro-
matin and cell fate (45). It is thus likely that additional histone
acetylases and deacetylases also have similar oxygen sensing roles.
Our data are in agreement with a recent pan-cancer analysis study that
highlighted CREBBP mutations to be one of the most highly correlated
mutated genes in tumors with elevated hypoxic signatures (46). In
addition, in support of our overall approach, a recent unbiased 3D
CRISPR loss-of-function screen in lung cancer cell line spheroids
identified an enrichment of genes that had 3D-specific phenotypic
effects that more closely mirrored in vivo phenotypes. Moreover, these
were highly enriched for commonly mutated genes in lung cancer,
including CREBBP (4). This is in keeping with studies in genetically
engineered mouse models that have also highlighted that CREBBP
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deletions enhance tumorigenesis in BCL and SCLC models (35, 47)
and suggest that CREBBP inhibitors currently being tested in patients
may not have clinical utility to treat these cancers (48).

Recent studies have demonstrated synthetic lethal interactions
between CREBBP and its orthologue EP300, highlighting the potential
utility of EP300 inhibitors for CREBBP-deficient tumors (49). In
addition, HDAC inhibitors have been shown to be effective in
CREBBP-mutant tumors, which act via restoration of acetylation and
expression of cellular adhesion proteins and increased dependency on
HDAC3 (47). Our data also suggest that changes in N-terminal
acetylation of proteins involved in HDAC3 activity may lead to
increased sensitivity to HDAC inhibition through resultant increase
in expression of multiple HDAC proteins as consequence of CREBBP
loss. However, in our models, we found that the CREBBP/CDK4/6i
selectivity was more profound than these other proposed CREBBP-
targeted agents, highlighting that the effect with HDAC inhibitor may
have less efficacy in patients.

In agreement with the loss-of-function mutation of other epigenetic
modulators (24), we identified CREBBP alterations to result in higher
transcriptional heterogeneity while maintaining a capacity for cells to
survive under nutrient stress conditions, that is, those that you would
find in tumors that display hypoxia and have a poor prognosis. This
phenotype was validated in patients with CREBBPaltered TNBC,
where CREBBP mutations or copy-number losses resulted in a greater
transcriptional diversity. Thus, we propose a model whereby CREBBP
loss imparts a more aggressive disease trajectory in TNBC as a result of
increased transcriptomic diversity. This is in agreement with the
clinical observations that CREBBPaltered tumors are less sensitive to
established anticancer therapies and patients are more likely to relapse.
Interestingly, CREBBP mutations have been found to be enriched in
metastatic ER" breast cancers, suggesting a role in therapy resistance
in agreement with our data in TNBC (33). We identified a substantial
proportion of patients with depletion of CREBBP expression through
THC assessment across multiple tumor cohorts represented on TMAs,
including endometrial, bladder, ovarian, and squamous lung cancer.
For instance, only 8% of squamous lung cancers are known to harbor
mutations in CREBBP (3), however, we observed protein depletion in
up to 73% of cases, suggesting multiple mechanisms exist associated
with reduced expression (3). This highlights that protein loss may be
useful for patient stratification in the context of biomarker-driven
clinical trials, and demonstrates that alterations of CREBBP are
common in multiple aggressive cancers.

To date CDK4/6is are licensed for use in metastatic ER" breast
cancer and not used in TNBC, but their clinical efficacy is thought to be
dependent on a functional RB axis (50), and in the context of TNBC
and squamous cell lung cancers, RB1 inactivation is relatively com-
mon (1, 3). Although our in vitro and in vivo data suggest a functional
RB1 axis is also required for response in TNBC, the majority of
CREBBPaltered TNBCs (78%) and squamous lung cancers (79%)
harbor a functional RB1 axis. In addition, there is some evidence
to suggest that CDK4/6 can drive FOXM1-mediated transcription in
the absence of RB1 (20, 51, 52). For instance, silencing of RBI in
FOXM1-amplified osteosarcoma patient-derived cells in vivo did not
reverse CDK4/6i sensitivity, suggesting that in the context of
FOXM1 amplification, CDK4/6 inhibition is effective even in the
absence of RB1. These data suggest that other mechanisms of
FOXMI1 upregulation outside the context of CREBBP loss can also
sensitize cells to CDK4/6i (52). Of note, we observed only 22% of
RBI loss-of-function alterations or CCNE1 amplifications (known
mechanisms of resistance to CDK4/61) in patients with CREBBPal-
tered TNBC.
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In summary, the results from our study demonstrate that CREBBP
alterations impart a survival advantage for cancer cells via enhanced
proliferation. This is mediated through global changes in acetylation
and subsequent transcriptional alterations, including upregulation of
the FOXM1 proliferative signaling axis. As a consequence, this
increased proliferative capacity renders CREBBPaltered cells sensitive
to CDK4/6 inhibition, via inhibition of CDK4/6-mediated FOXM1
phosphorylation; a synthetic lethal association that was demonstrated
in multiple tumor types both in vitro and in vivo. The highly recurrent
nature of CREBBP alterations in treatment-resistant TNBC, lung
cancer, bladder cancer, and lymphomas and the availability of
FDA-approved CDK4/6i suggest this clinically translatable approach
could benefit a wide range of patients with cancer as single agent or in
combination with immunotherapeutic or other targeted approaches.
Indeed, proof-of-concept trials, such as NCT03130439, which are
evaluating the efficacy of single-agent abemaciclib in RB1-proficient
TNBC will be crucial to interpreting our results further. Of note,
although a recent phase II study in squamous lung cancers testing
single-agent palbociclib in CCND1-, CCND2-, CCND3-, or CDK4-
amplified patients failed to demonstrate the prespecified criteria for
advancement to phase III, data from TCGA suggest only a small
overlap between these alterations and CREBBP mutations, indicating
the population may have been missed in the study (53).

Recent data have suggested that the use of CDK4/6i induces an
intratumoral T-cell inflammatory signature that results in an enhanced
response to PD-L1 (54, 55). Of note, we observed a significantly higher
tumor mutational burden (a known biomarker of immunotherapy
response) in patients with CREBBPaltered TNBC, bladder cancer, and
squamous lung cancer, as well as in a pan-cancer analysis. The
mechanism behind this increased mutational burden is unclear, but
may be an indirect consequence of survival in hypoxic environments,
which has been linked with downregulation of effective DNA repair
mechanisms and accumulation of mutations (56). Although it is
tempting to speculate that CREBBPaltered tumors may respond well
to combinations of immune checkpoint blockade and CDK4/6i treat-
ments, this needs to be tested in the clinical trial setting. However, our
data provide the rationale for a molecularly stratified clinical trial.
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