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Loss of the Cyclin-Dependent
Kinase Inhibitor 1 in the Context
of Brachyury-Mediated Phenotypic
Plasticity Drives Tumor Resistance
to Immune Attack

Duane H. Hamilton, Kristen K. McCampbell and Claudia Palena*

Laboratory of Tumor Immunology and Biology, Center for Cancer Research, National Cancer Institute, National Institutes
of Health, Bethesda, MD, United States

The acquisition of mesenchymal features by carcinoma cells is now recognized as a
driver of metastasis and tumor resistance to a range of anticancer therapeutics, including
chemotherapy, radiation, and certain small-molecule targeted therapies. With the recent
successful implementation of immunotherapies for the treatment of various types of
cancer, there is growing interest in understanding whether an immunological approach
could be effective at eradicating carcinoma cells bearing mesenchymal features. Recent
studies, however, demonstrated that carcinoma cells that have acquired mesenchymal
features may also exhibit decreased susceptibility to lysis mediated by immune effector
cells, including antigen-specific CD8* T cells, innate natural killer (NK), and lymphokine-
activated killer (LAK) cells. Here, we investigated the mechanism involved in the immune
resistance of carcinoma cells that express very high levels of the transcription factor
brachyury, a molecule previously shown to drive the acquisition of mesenchymal fea-
tures by carcinoma cells. Our results demonstrate that very high levels of brachyury
expression drive the loss of the cyclin-dependent kinase inhibitor 1 (p21CIP1, p21), an
event that results in decreased tumor susceptibility to immune-mediated lysis. We show
here that reconstitution of p21 expression markedly increases the lysis of brachyury-high
tumor cells mediated by antigen-specific CD8* T cells, NK, and LAK cells, TNF-related
apoptosis-inducing ligand, and chemotherapy. Several reports have now demonstrated
a role for p21 loss in cancer as an inducer of the epithelial-mesenchymal transition. The
results from the present study situate p21 as a central player in many of the aspects of
the phenomenon of brachyury-mediated mesenchymalization of carcinomas, including
resistance to chemotherapy and immune-mediated cytotoxicity. We also demonstrate
here that the defects in tumor cell death described in association with very high levels of
brachyury could be alleviated via the use of a WEE1 inhibitor. Several vaccine platforms
targeting brachyury have been developed and are undergoing clinical evaluation. These
studies provide further rationale for the use of WEE1 inhibition in combination with
brachyury-based immunotherapeutic approaches.

Keywords: epithelial-mesenchymal transition, phenotypic plasticity, brachyury, immune resistance, CDKN1A,
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INTRODUCTION

Studies from our laboratory and others have previously established
the ability of the transcription factor brachyury (gene name T),
a member of the T-box family, to promote the acquisition of
mesenchymal features by carcinoma cells (1-5). Gain- and loss-
of-function experiments have shown that brachyury expression
in epithelial cancer cells associates with (a) enhanced expression
of mesenchymal proteins and reduction of epithelial proteins;
(b) acquisition of tumor motility, invasiveness, and propensity to
disseminate in vivo in xenograft models; (c) acquisition of stemness
features, including a relatively quiescent state; and (d) conversion
into a refractory, therapy-resistant state. The effects of brachyury on
tumor phenotype were attributed to its ability to bind a half T-box
DNA-binding site in the promoter of E-cadherin, in coopera-
tion with the repressor Slug, resulting in decreased E-cadherin
expression (1).

Brachyury has been found to be overexpressed in various
human carcinomas, both in the primary tumor and metastatic
sites, including in non-small cell (NSCLC) and small cell (SCLC)
lung cancer (6, 7), triple-negative breast (TNBC) cancer (8, 9),
prostate (4),and colon cancer (10, 11),among others. Interestingly,
several reports have also shown the prognostic value of high
brachyury expression at the primary tumor site, with high brachy-
ury mRNA or protein levels being associated with poor clinical
outcome, including in breast (8, 9), lung (12), colon (10), and
prostate (4, 13).

There are several vaccine platforms targeting the transcription
factor brachyury undergoing Phase I and II clinical evaluation
(14-16). It has been recently shown, however, that the acquisi-
tion of mesenchymal features by carcinoma cells may decrease
their susceptibility to lysis by immune effector cells, including
antigen-specific CD8* T cells, innate natural killer (NK), and
lymphokine-activated killer (LAK) cells (17, 18). In the case of
brachyury-mediated mesenchymalization of human carcinoma
cells, the mechanism of immune resistance was identified as a
defect in the phosphorylation and subsequent cleavage of the
nuclear lamins during apoptosis, a defect caused by the loss of
the cell-cycle dependent kinase-1 (CDK1), due to decreased
protein stability (17). The reason for the decreased stability of
the CDKI1 protein in the presence of high levels of brachyury,
however, was not previously elucidated. In the present study,
we further investigated the mechanism involved in the immune
resistance of carcinoma cells that express high levels of brachy-
ury, and demonstrate that the loss of the cyclin-dependent
kinase inhibitor 1 (p21CIP1, hereafter termed p21) is critical
for the defective lysis of these cancer cells. Reconstitution of p21
expression in brachyury-high tumor cells was shown to increase
the stability of the CDK1 protein while markedly increasing
the lysis mediated by antigen-specific CD8" T cells, NK and
LAK cells, TNF-related apoptosis-inducing ligand (TRAIL)
and chemotherapy. The loss of p21 has been associated with
the occurrence of epithelial-mesenchymal plasticity in cancer.
The results from this work indicate that p21 plays a major role
in many of the aspects of this phenomenon, including as an
inducer of resistance to cell death in response to chemotherapy
or immune effector cells.

MATERIALS AND METHODS
Cell Culture

The following human carcinoma cell lines were obtained from
American Type Culture Collection and propagated in recom-
mended media: pancreatic PANC-1; lung H1299 and H460,
colon HCT116. The murine MC38 colon adenocarcinoma cell
line has been previously described (19). The full-length human
brachyury and p21CIP1 encoding fragments were purchased
from Origene (Rockville, MD, USA) and subsequently cloned into
the pcDNA3.1(+) expression vector (Thermo Fisher Scientific).
Tumor cells were stably transfected using a nucleofection device
(Lonza) by following the manufacturer’s recommendations. For
generation of H460 clones with various levels of brachyury, the
GeneArt Precision gRNA synthesis kit (Invitrogen) was used for
preparation of brachyury-specific gRNA designed via the use of
the GeneArt CRISPR Search and Design online tool (Invitrogen).
H460 cells were co-transfected with GeneArt Platinum Cas9
nuclease (Invitrogen) and brachyury-targeting gRNA by follow-
ing the manufacturer’s instructions, and subsequently grown and
seeded for single cell sub-culture onto 96-well plates. Clonally
derived cell lines with various levels of brachyury were gener-
ated by using a limiting dilution cloning strategy. Clones were
selected for further study based on the level of brachyury protein
expression.

Immune Effector Cells, Cytotoxicity

Assays

Peripheral blood used in this study was obtained from healthy
human donors recruited at the NTH Blood Bank (Bethesda, MD,
USA), protocol number NCT00001846, under the appropriate
NIH Institutional Review Board approval and informed consent.
NK cells were isolated using human CD56 MicroBeads (Miltenyi
Biotec). For generation of LAK cells, purified NK cells were
incubated overnight in RPMI-1640 supplemented with 10%
human AB sera and 2,000 U/mL of recombinant human IL-2
(Peprotech). T cells specific for the MUC1 HLA-A2 restricted
peptide p93L (ALWGQDVTSV) were previously described
(20). TRAIL-mediated lysis of tumor cells was performed by
incubation with recombinant, active multimeric killer TRAIL
(Enzo Life Sciences). The murine cytotoxic T-cell lines specific
for p15E (KSPWFTTL) were expanded in vitro from splenocytes
originating from either wild-type or perforin-deficient C57BL/6
mice, which had been vaccinated with the p15E peptide. Perforin-
deficient animals were purchased from Jackson Laboratories
(Bar Harbor, ME, USA). All animal studies were carried out in
accordance with the guidelines of the Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC).
Experimental studies were carried out under approval of the NIH
Intramural Animal Care and Use Committee. Where indicated,
perforin/granzyme-mediated lysis of target cells was inhibited by
incubating T cells with 200 nM Concanamycin A (CMA) (Sigma)
for 2 h at 37°C prior to plating with target cells in the lysis assays.
Target cells were labeled with 50 pCi ''In (GE Healthcare) and
incubated overnight with TRAIL or effector NK, LAK, or T cells
at indicated effector-to-target (E:T) ratios. Following overnight
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culture, supernatants were harvested for radioactivity assessment
using a Wizard? gamma counter (PerkinElmer). Specific lysis was
calculated as previously described (21). Sensitivity of H460 cells to
TRAIL lysis was performed using a luminescence-based viability
assay. Cells were plated in white-walled 96-well trays and allowed
to attach overnight. Using six-well replicates, cells were treated
with indicated doses of recombinant Superkiller TRAIL (Enzo
Life Sciences) and incubated for 16 h. Cell viability was assessed
using CellTiter-Glo (Promega) according to the manufacturer’s
instructions. Cell death was calculated as the percent reduction
in luminescence in treated wells as compared to non-treated
controls.

Western Blot

Cells were washed twice with PBS and lysed in RIPA Lysis Buffer
(Santa Cruz Biotech). Protein concentration was measured using
a BCA Protein Assay Kit (Thermo Scientific). Aliquots containing
10-30 pug of protein were run on SDS-PAGE and transferred to
nitrocellulose membranes. Following blockade for 1 h at room
temperature with 5% milk in PBS, the membranes were probed
overnight at 4°C using antibodies specific for pan-actin (clone
Ab-5, Neo Markers), GAPDH (Santa Cruz Biotechnology),
p21 (clone 12D1, Cell Signaling Technology), vimentin (clone
RV202, BD Biosciences), E-cadherin (clone 36/E-cadherin, BD
Biosciences), CDK1 (Cell Signaling Technology), and brachyury
MAD 54-1 (22). CDKI1 immunoprecipitation was performed
using 200 pg of cleared cell extract using either a control rabbit
IgG (Abcam) or anti-CDKI antibody (Upstate). Antibody/
protein complexes were purified using Protein G beads (Sigma),
and the eluted protein was assessed for the presence of CDK1 and
p21 by western blot. Protein synthesis was inhibited by incubat-
ing tumor cells with 100 pg/mL cycloheximide (Sigma); cells were
harvested at various time points and CDK1 protein levels were
assessed by western blot. All blots were imaged using the Odyssey
Infrared imaging system (LI-COR Biotechnology).

Real-Time PCR

Total RNA was isolated from frozen cell pellets using the RNeasy
kit (QIAGEN), and cDNA was reverse transcribed with Advantage
RT-for-PCR (Clontech). cDNA (1-100 ng) was amplified in
triplicate using Gene Expression Master Mix and the following
TagMan gene expression assays (Thermo Fisher Scientific):
brachyury (Hs00610080), and GAPDH (4326317E). Mean Ct
values for target genes were normalized to mean Ct values for the
endogenous control GAPDH [—-ACt = Ct(GAPDH) — Ct(target
gene)]. The ratio of mRNA expression of target gene versus
GAPDH was defined as 2(—ACt).

MK-1775 Treatments

The WEEI-inhibitor, MK-1775, utilized in these studies was pur-
chased from Selleckchem. Carcinoma cell lines were treated with
indicated concentrations of MK-1775 for 72 h prior to the addi-
tion of immune effector cells or a combination of cisplatin (APP
Pharmaceuticals) and vinorelbine (Bedford Laboratories). To
evaluate responses to chemotherapy, tumor cells were incubated
for 4 h in the presence of the chemotherapeutic agents; MK-1775
was present for the entirety of the assay. Cell viability was assessed

3-4 days after exposure to chemotherapy using an MTT (Sigma)
assay, as previously described (23).

In Silico Analysis of The Cancer Genome
Atlas (TCGA) Dataset

Relative expression levels of indicated mRNAs were assessed
using the TCGA dataset containing data from 482 lung squa-
mous cell carcinoma patients (24). For the analysis, samples were
subdivided into four groups according to the level of brachyury
(T) expression: 318 of 482 samples with no detectable brachyury
expression were classified as negative (neg.). The remaining 164
samples were ranked and subdivided into tertiles based upon
the level of brachyury expression: “brachyury-high” (55 of 482),
“brachyury-intermediate” (55 of 482), and “brachyury-low” (54
of 482) groups. Samples in the intermediate and low groups were
combined; the level of expression of mMRNA encoding E-cadherin
(CDH1), p21 (CDKN1A), and CDK1 (CDK1I) were evaluated in
each group. All data were analyzed using the Nexus Expression 3
analysis software package (BioDiscovery).

Statistical Analysis

Unless indicated all statistical comparisons between two sample
groups were performed using a two-tailed unpaired Student’s
t-test on triplet technical replicates using Prism 7 (GraphPad).

RESULTS

High Expression of Brachyury Induces
Resistance to TRAIL Lysis

To better understand the role of brachyury in tumor resistance
mechanisms, we utilized various models of clonally derived
tumor cell populations with different levels of brachyury. One
such model was generated by stable transfection of the human
pancreatic PANC-1 carcinoma cell line to overexpress human
brachyury, followed by a clonal selection of single-cells with a
range of brachyury expression (Figure 1A, left panel). As shown
in Figure 1A (right panel), PANC-1 clones with high levels of
brachyury (pBr cl-1 and cl-2) demonstrated a marked decrease
in susceptibility to lysis by recombinant TRAIL, compared
with PANC-1 clones that express very low/undetectable levels
of brachyury (pBr cl-3 and cl-4). Similar results were obtained
with single clonal populations of lung H460 cells with different
levels of brachyury generated via the CRISPR/Cas9 methodology
(Figure 1B, left panel). As shown in Figure 1B (right panel), H460
cells with high levels of brachyury (Hi) were lysed less efficiently
than those with undetectable brachyury (Lo).

In a previous study, we have described the transcriptional
repression of p21 as a mechanism responsible for the decreased
susceptibility of brachyury-high carcinoma cells to chemotherapy
and radiation. In accordance with those previous observations,
clonal populations of lung H460 cells with various levels of brach-
yury (Figure 2A) demonstrated an inverse association between
brachyury and p21 protein expression, whereby H460 cells with
high expression of brachyury (Br-High) were characterized by
high levels of mesenchymal vimentin, low levels of epithelial
E-cadherin and very low levels of p21, while cells with lower
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FIGURE 1 | Brachyury associates with increased resistance to immune-
mediated killing. (A) Relative brachyury expression in four clonally derived
human PANC-1 cell lines (left panel), and their associated sensitivity to lysis
by TNF-related apoptosis-inducing ligand (TRAIL) (right panel). (B) Western
blot analysis of brachyury expression in two clonally derived populations of
H460 generated via the CRISPR approach (left panel), and their sensitivity to
lysis by TRAIL (right panel). Presented data are representative of three
independent experiments.

brachyury levels (Br-Interm and Br-Low) exhibited reduced
expression of vimentin, high expression of E-cadherin, and
enhanced expression of the cell cycle regulator p21 (Figure 2A).
Since expression of p21 is primarily regulated by p53-mediated
response to DNA damage, we hypothesized that the p53 status
of the cancer cells may impact the ability of brachyury to induce
resistance to cytotoxic killing. To examine this possibility,
brachyury was overexpressed in parallel experiments in the
colon carcinoma line, HCT116, which carries wild-type p53, and
the non-small cell lung carcinoma (NSCLC) line, H1299, which
express a non-functional isoform of p53 (Figures 2B,C). These
isogenic brachyury high (pBr) vs. low (pCMV) tumor cell pairs
were then assayed for their susceptibility to lysis by recombinant
TRAIL. As shown in Figure 2D, brachyury-associated reduction
in TRAIL susceptibility was only observed in the p53 wild-type
cell line, HCT116, while no effect of brachyury overexpression
was observed in the p53 null H1299 cells.

Reconstitution of p21 in Brachyury-High
Cells Increases Sensitivity to

Immune Cells
To further examine the role of p21 in brachyury-mediated
resistance to immune-mediated killing of carcinoma cells, a

non-clonal, heterogeneous population of parental H460 cells
characterized by very high levels of brachyury expression and a
mesenchymal phenotype, were transfected with an empty vector
(pCMV) or a plasmid encoding human p21 under the control
of the CMV promoter (Figure 3A). Using this isogenic pair of
p21-low vs. p21-high cells, susceptibility to immune lysis was
evaluated. As shown in Figures 3B-E, brachyury-high/p21-high
cells (H460-p21) were efficiently lysed by MUC1-specific T cells,
NK cells, and LAK cells and recombinant TRAIL, compared
with low levels of lysis observed with brachyury-high/p21-low
cells (H460-pCMV). This increased sensitivity to cell death was
not restricted to immune-mediated lysis, as the H460-p21 cells
were also more sensitive to killing by a combination of cisplatin
and vinorelbine chemotherapy (Figure 3F) than tumor cells with
low levels of p21 (H460-pCMV). Interestingly, overexpression of
p21 in these cells was associated with a reduction of vimentin
expression (Figure 3A), an observation in agreement with several
previous reports on the ability of p21 to inhibit the epithelial-
mesenchymal switch in tumor cells (25).

Reconstitution of p21 Stabilized the CDK1
Protein in Brachyury-High Tumor Cells

In a previous study, we demonstrated that brachyury-mediated
immune resistance associates with decreased levels of the cyclin-
dependent kinase 1 (CDK1) protein, and that reconstitution
of CDK1 levels could restore the tumor cells’ susceptibility to
immune effector cells. The mechanism by which high levels
of brachyury decrease the expression of CDKI protein was
previously identified as a reduction of CDKI protein stability in
brachyury-high tumor cells. To investigate a potential association
between the loss of CDK1 protein and reduction of p21, here,
we have conducted co-immunoprecipitation assays using an
anti-CDK1 antibody to investigate whether these two proteins
could be associated in tumor cells with high vs. low brachyury
levels. As shown in Figure 4A, p21 co-immunoprecipitated with
CDKI1 in H460-p21 cells demonstrating that these proteins may
form a molecular complex in vivo. Interestingly, evaluation of the
stability of CDK1 in the brachyury-high H460 cells demonstrated
that reconstitution of p21 in the H460-p21 cells could increase
the stability of CDKI1 over that observed in H460-pCMYV cells
(Figure 4B).

One potential therapeutic avenue for improving the lysis of
brachyury-high tumor cells consists of tumor pretreatment with
an inhibitor of the G2 checkpoint kinase, WEE1, which normally
suppresses the activity of CDK1 via phosphorylation on Tyr-15.
We have previously shown that treatment of brachyury-high
tumor cells with the WEE1 inhibitor, MK-1775, is able to over-
come tumor resistance to immune-mediated killing by decreas-
ing WEEL activity and increasing the level of functional CDKI.
WEEL inhibition is currently undergoing clinical evaluation
in combination with various conventional chemotherapeutic
treatment strategies, particularly in patients whose tumors lack a
functional p53 and, therefore, are dependent on the activity of the
G2 cell cycle checkpoint (26). Our observations, however, sug-
gest that high levels of brachyury, which negatively regulates the
transcription of CDKN1A, may impart a p53 null phenotype in
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FIGURE 2 | Brachyury drives resistance to TNF-related apoptosis-inducing ligand (TRAIL) in cells expressing a wild-type p53 gene. (A) Western blot analysis of
brachyury, vimentin, E-cadherin, and p21 in H460 clones generated via the CRISPR/Cas9 system. (B,C) Western blot analysis of brachyury expression in HCT116
and H1229 cells, respectively, stably transfected with either a control or brachyury-encoding (pBr) plasmid. (D) The impact of brachyury expression on the sensitivity

experiments.
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FIGURE 3 | Overexpression of p21 in the brachyury-high H460 cell line increases sensitivity to lysis by both immune cells and chemotherapy. (A) Western blot
analysis of p21, brachyury, and vimentin in H460 cells transfected to express either a control pPCMV or a vector encoding p21 (p21). Sensitivity of H460-pCMV vs.
H460-p21 cells to killing by (B) MUC-1-specific T cells (E:T ratio 30:1); (C) natural killer (NK) cells (E:T ratio 30:1); (D) lymphokine-activated killer (LAK) cells (E:T ratio
30:1); and indicated concentrations of (E) TNF-related apoptosis-inducing ligand (TRAIL) and (F) chemotherapy. NK and LAK lysis data presented is representative
of data obtained using effector cells isolated from two different normal donors. TRAIL and chemotherapy data presented are representative of two independent
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FIGURE 4 | CDK1 protein is stabilized by p21, and WEE1 inhibition improves
the sensitivity of brachyury-high/p21-low carcinoma cells. (A) Co-
immunoprecipitation of CDK1 and p21 in lysates from H460 cells expressing
either a control pPCMV or a vector encoding p21. (B) CDK1 protein stability
was evaluated in the H460 tumor cell pair following the addition of 100 pg/mL
cycloheximide for the indicated time points. (C) Impact of MK-1775 pre-
treatment (at indicated doses) on the sensitivity of H460 cells expressing a
control pCMV, but not a p21 vector, to killing by chemotherapy. The data
depicting the stability of CDK1, and chemotherapy sensitivity are
representative of two independent experiments.

tumors with a functional p53 protein. To examine this further, we
evaluated the impact of MK-1775 treatment on the susceptibility
of H460 cells expressing either low (pCMV) or high levels of p21.
As shown in Figure 4C, WEEL1 inhibition was only able to improve
the sensitivity of brachyury-high/p21-low (H460-pCMYV) cells
in response to chemotherapy, while the same treatment had no
impact on the susceptibility of H460 cells over-expressing p21
(H460-p21).

WEE1 Inhibition Improves the Sensitivity
of Brachyury High/p21-Low

Carcinoma Cells

To evaluate our results in a murine carcinoma model, the colon
carcinoma cell line MC38 was stable transfected with a plasmid
vector encoding the full-length brachyury protein, followed by
single-cell cloning and generation of three cell lines, MC38-Lo,
-Int, and -Hi, with either low, intermediate, or high levels of
brachyury, respectively (Figure 5A). The sensitivity of these
cells to lysis by CD8" T cells specific for an epitope (p15E) of
the endogenous retroviral env protein GP70 was evaluated. As
shown in Figure 5B (left panel), MC38 cells expressing high levels
of brachyury were poorly lysed in comparison with MC38 cells
expressing either low or intermediate levels of brachyury. Immune
effector cells can lyse targets either by using the FAS/TRAIL-
mediated induction of the extrinsic caspase-dependent apoptotic

pathway, or via the perforin-dependent actions of granzymes that
lyse target cells in a caspase-dependent and/or independent fash-
ion. Pretreatment of the p15E-specific CD8* T cells with CMA
was used to abrogate the activity of the perforin/granzyme lytic
pathway. As shown in Figure 5B (right panel), CMA completely
abolished the T cells’ ability to lyse MC38 cells with high levels of
brachyury while the clones expressing intermediate and low levels
were still lysed. The tumor resistant phenotype induced by high
levels of brachyury was also observed when recombinant TRAIL
was used to directly trigger the extrinsic apoptotic pathway
(Figure 5C). The impact of WEEI inhibition on the restoration of
lysis of brachyury-high cells was also evaluated with MC38 cells
transfected with an empty vector (pCMV) or a vector encoding
the full-length brachyury protein (pBr, Figure 5D). As immune
effector cells, murine p15E-specific T cells were used, generated
either in wild-type (pfn*’*) or perforin deficient (pfn~") mice. As
shown in Figure 5E, MK-1775 treatment enhanced T-cell medi-
ated lysis of MC38-pBr cells, an effect that was exacerbated when
T cells originating from perforin-deficient animals were used. In
contrast, brachyury-low MC38-pCMYV targets were not affected
by treatment with MK-1775. Similar results were obtained
when utilizing recombinant TRAIL (Figure 5F). While MC38-
pCMYV were highly susceptible to the effect of TRAIL and were
not affected by MK-1775 treatment, MC38-pBr cells appeared
resistant to the lytic activity of TRAIL and treatment with
MK-1775 was able to significantly enhance their lysis in a dose-
dependent way.

Inverse Association Between Brachyury

and p21 in Tumor Tissues

Our preclinical observation on the existence of a negative cor-
relation between brachyury and p21 expression in tumor cells
was then corroborated via analysis of the lung squamous cell
carcinoma dataset from (TCGA) for levels of mRNA encod-
ing brachyury (T) and p21 (CDKNI1A). When samples were
separated into three subgroups based upon the level of brachyury
expression (Figure 6A), it was observed that tumors expressing
the highest levels of T mRNA had the lowest levels of CDHI
mRNA (encoding epithelial E-cadherin) and CDKNIA mRNA
(encoding p21), as compared with the brachyury negative and
low/intermediate groups (Figures 6B,C). Unlike with CDKNIA,
no differences in CDK1 mRNA levels were observed in relation to
the levels of T mRNA (Figure 6D), which agrees with our previ-
ous observations that high levels of brachyury induce a reduction
in CDK1 protein stability rather than a reduced transcriptional
activity.

DISCUSSION

The phenomenon of cancer phenotypic plasticity, manifested as
a modulation of tumor phenotype between the epithelial and
mesenchymal-like states, is now considered an important mecha-
nism in tumor progression (27, 28). Perhaps one of the most
relevant consequences of this phenotypic modulation is the result-
ing acquisition of tumor cell resistance to a range of cell death-
inducing signals, including those initiated by chemotherapy,
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clonally derived MC38 cell populations expressing low (Lo), intermediate (Int), or high (Hi) levels of the human brachyury transgene. (B) Sensitivity to lysis
by p15E-specific cytotoxic CD8* T cells, which have been left untreated (left panel) or were pre-treated with CMA to inhibit their ability to lyse targets in a
perforin-dependent manner (right panel). (C) Sensitivity of MC38 clones to indicated doses of recombinant TNF-related apoptosis-inducing ligand (TRAIL).
(D) Western blot analysis of brachyury expression in the MC38 pCMV and pBr isogenic cell pair. (E) Lysis of the MC38 tumor pair following WEE1 inhibition
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FIGURE 6 | Brachyury mRNA correlates with low expression of CDKN1A in lung squamous cell carcinoma samples. Analysis of expression of (A) brachyury (7),
(B) E-cadherin (CDH1), (C) p21 (CDKN1A), and (D) CDK1 transcripts in the LUSC The Cancer Genome Atlas dataset tabulated according to the level of
brachyury mRNA.
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radiation, some small molecule-targeted therapies and, as more
recently shown, resistance to immune-mediated cytotoxicity.
In the current study, the mechanism of immune resistance of
carcinoma cells bearing brachyury-driven mesenchymal features
was elucidated. The data demonstrate the loss of the cell cycle
regulatory protein p21 during mesenchymalization is responsible
for the decreased susceptibility of brachyury-high tumor cells to
immune-mediated attack.

Several reports have now demonstrated a link between the
acquisition of mesenchymal features by carcinoma cells and
escape from immune cytotoxicity (17, 29-33). For example, the
overexpression of the transcription factor Snail, a known media-
tor of the phenomenon of epithelial-mesenchymal transition,
has been shown to impair apoptosis in response to TNF-a by
decreasing the activity of initiator caspase-8 and effector cas-
pase-3 (34). Akalay and colleagues also demonstrated that Snail
overexpression leads to tumor decreased susceptibility to T-cell
mediated lysis via the activation of autophagy (32). In the case
of brachyury-driven mesenchymalization, we have previously
reported that brachyury-high carcinoma cells are less suscepti-
ble to the cytotoxic activity of immune effector cells, including
antigen-specific cytotoxic T cells, NK, or LAK cells, compared
with brachyury-low cancer cells (17, 33). In the present work,
clonal populations of brachyury high/mesenchymal cells vs.
brachyury low/epithelial cells were compared side-by-side. The
results of these experiments, as shown in Figures 1A,B and 5B,
consistently showed tumor cells with a mesenchymal phenotype
beingless susceptible to immune attack than the epithelial coun-
terparts. Previously, we also showed that expression of brachy-
ury in carcinoma cells does not affect the levels of MHC-class I
or beta-2 microglobulin expression. Moreover, brachyury does
not reduce the expression of various components of the antigen
processing and presentation machinery, including TAP1, TAP2,
tapasin, LMP2, and LMP7 (17), thus ruling out a defect in anti-
gen presentation as the cause of reduced sensitivity to immune
attack. Rather, we showed that brachyury induced a blockade of
apoptosis even in the presence of normal levels of activated cas-
pases, which was associated with the defective phosphorylation
and cleavage of the nuclear lamins following triggering (35, 36).
This defect was due to the loss of the protein kinase CDK1 in
brachyury-high tumor cells, although the mechanism of CDK1
protein destabilization was not understood at the time.

The p21 protein, initially identified as an inhibitor of cyclin-
dependent kinases (37), has been described as a central player in
multiple cell pathways, including (a) a direct target of p53 and a
mediator of p53-dependent cell cycle arrest during DNA damage
(38); (b) a protein involved in senescence and aging (39); and
(c) a regulator of reprogramming in pluripotent stem cells (40).
In certain conditions, p21 has also been shown to promote cell
proliferation and oncogenicity. For example, p21 has been shown
to act as a major adaptor protein that assembles cyclin D1/CDK4
complexes, targeting them into the nucleus and favoring cyclin
D1-associated kinase activity (41). Thus, the p21 protein could
exhibit both tumor suppressor and oncogenic properties,
depending on the cellular context (42). In previous studies,
the impact of brachyury overexpression in the proliferation of
human carcinoma cells has been described. As shown with other

regulators of the epithelial-mesenchymal phenomenon, expres-
sion of brachyury in carcinoma cells associates with a significant
reduction in cell proliferation, whereby brachyury expression
inversely correlates with the expression of phosphorylated Rb,
Cyclin D1, and p21. In this context, our laboratory showed that
forced upregulation of p21 was sufficient to reconstitute cell pro-
liferation in high brachyury cells (23). Interestingly, there have
been previous reports describing the involvement of p21 in tumor
phenotypic plasticity. Liu et al., for example, demonstrated that
deletion of p21 in transgenic mice not only accelerates mammary
oncogenesis induced by MMTV-Ras and MMTV-c-Myc but also
induces the acquisition of mesenchymal and stemness features in
mammary tumors, in vivo (43). Similar observations with mam-
mary carcinoma cells demonstrated that silencing of p21 and
PUMA, a target of p53, leads to loss of E-cadherin and increased
expression of markers of the epithelial-mesenchymal pheno-
typic switch (44). In subsequent studies, p21 has been shown to
modulate the expression of various miRNAs, including miR-200
and the miR-183 cluster, which in turn regulate the expression of
genes involved in the epithelial-mesenchymal switch. In various
model systems, silencing of p21 increased mesenchymal features,
including vimentin, fibronectin, N-cadherin, Slug, and Zebl
expression, and increased tumor cell migration and invasiveness
(25). The present report demonstrates that reconstitution of p21
in brachyury-high tumor cells markedly improves tumor cell lysis
mediated by antigen-specific T cells, NK and LAK cells, TRAIL,
and chemotherapy. In addition, reconstitution of p21 in tumor
cells with high levels of brachyury is shown here to increase the
stability of the CDKI1 protein, leading to higher levels of CDK1
expression and the anticipated increase in tumor susceptibility
to lysis. Our observations that the loss of p21 in brachyury-high
carcinoma cells drives the acquisition of resistance to cytotoxic
killing are in line with the concept that loss of this protein would
also promote the acquisition of a more mesenchymal and resistant
tumor status. It remains to be investigated, however, whether the
expression of cytokines, chemokines, or growth factors secreted
by immune effector T cells and NK cells co-cultured with tumor
cells with various levels of p21 are different. These studies will
help understand if the mesenchymalization phenomenon could
potentially alter the recruitment, expansion, and level of activa-
tion of various populations of immune cells via secretion of a
different set of soluble factors.

The WEEL kinase regulates the G2 checkpoint in response
to DNA damage, where WEEI prevents entry into mitosis by
mediating the inhibitory phosphorylation of CDKI. Previous
studies conducted with WEEI inhibition have shown that the
effect of this inhibitor is mainly observed in the context of p53
mutant tumors, where the G1 checkpoint is lost and cells solely
rely on the G2 checkpoint for cell cycle arrest following expo-
sure to genotoxic agents (45-47). Interestingly, while brachyury
overexpression in p53 wild-type cells resulted in decreased
susceptibility to apoptosis triggered by TRAIL, no effect was
observed when brachyury was overexpressed in tumor cells
deficient for p53 (p53 null). These results suggested that high
levels of brachyury, which negatively regulates the transcription
of p21, may impart a p53 null phenotype in tumors with a func-
tional p53 protein. In agreement with those results, inhibition of
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WEE] kinase via treatment with MK-1775 improved the lysis
of brachyury-high tumor cells only in the absence of p21, while
the effect was lost when p21 was forcibly overexpressed in the
presence of high brachyury.

The results of this study reinforce the concept that
acquisition of mesenchymal features by carcinoma cells is
accompanied by the acquisition of resistance mechanisms
that allow tumor cells to evade not only cytotoxic therapies
but also immune-mediated attack. This study also situates p21
as a central player in many of the aspects of the brachyury
biology, including control of cell cycle, resistance to apoptosis
induced by chemotherapy and, more importantly, resistance to
immune-mediated lysis.

Several vaccine platforms targeting brachyury have now
been developed and are undergoing clinical evaluation (14-16),
based on the hypothesis that immunization against a driver of
mesenchymalization could generate a T-cell response that would
eradicate the population of cancer cells ultimately responsible for
metastasis and relapse. We demonstrate here that the defects in
tumor cell death described in association with very high levels of
brachyury in tumor cells could be alleviated via the use of a WEE1
inhibitor, which is currently undergoing clinical testing (26). Our
data demonstrate the potential usefulness of this inhibitor for
improvement of immune resistance of carcinoma cells with mes-
enchymal features and high levels of brachyury expression. While
most phase II clinical trials of WEE1 inhibition in combination
with chemotherapy are conducted in patients with p53-defective
tumors, we expect that our studies will provide rationale for the
use of WEEI inhibition in tumors regardless of p53 status, in
combination with immunotherapeutic approaches against the
transcription factor brachyury.
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