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Highlights 
 

• GRHL2 suppresses NT5E/ CD73 expression in breast cancer cells. 
• Loss of GRGL2 triggers CD73-mediated adenosine production. 
• Increased adenosine production does not inhibit T cell migration. 
• CD73 expression correlates with increased CD8 T cell presence in 

breast cancer. 
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Summary 
Tumor ?ssues o_en contain high extracellular adenosine, promo?ng an im-
munosuppressed environment linked to mesenchymal transi?on and im-
mune evasion. Here, we show that loss of the epithelial transcrip?on factor, 
GRHL2, triggers NT5E/CD73 ecto-enzyme expression, augmen?ng the con-
version of AMP to adenosine. GRHL2 binds an intronic NT5E sequence and is 
nega?vely correlated with NT5E/CD73 in breast cancer cell lines and pa?ents. 
Remarkably, the increased adenosine levels triggered by GRHL2 deple?on in 
MCF-7 breast cancer cells do not suppress but mildly increase CD8 T cell re-
cruitment, a response mimicked by a stable adenosine analog but prevented 
by CD73 inhibi?on. Indeed, NT5E expression shows a posi?ve rather than 
nega?ve associa?on with CD8 T cell infiltra?on in breast cancer pa?ents. 
These findings reveal a GRHL2-regulated immune modula?on mechanism in 
breast cancers and show that extracellular adenosine, besides its established 
role as a suppressor of T cell-mediated cytotoxicity, is associated with en-
hanced T cell recruitment. 
 
Introduc2on 
In solid tumors, the interac?on between cancer cells and the surrounding tu-
mor microenvironment (TME) regulates cancer growth and metastasis.1-3 The 
TME is complex and includes altered func?onality of extracellular matrix, fi-
broblasts, and vascular cells. In this tumor reac?ve stroma environment, var-
ious types of immune cells are affected. On the one hand, this involves cross 
talk of tumor cells with myeloid cells such as macrophages and neutrophils, 
and cancer-associated fibroblasts, crea?ng an inflammatory TME that drives 
tumor progression.4-6 On the other hand, tumors escape recogni?on and kill-
ing by the immune system by suppressing the ac?vity of T cells and NK cells 
through a plethora of mechanisms, including the development of an immu-
nosuppressed TME.4,7,8 
 
One mechanism underlying the emergence of an immunosuppressed niche, 
involves the accumula?on of adenosine in the TME.9 During physiological 
healing of wounded or infected ?ssues adenosine triphosphate (ATP) re-
leased by damaged cells triggers inflamma?on by binding to excitatory ATP 
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receptors ac?va?ng T cells and other immune cell types. This response is kept 
in check by a nega?ve feedback loop, in which ATP and adenosine di-phos-
phate (ADP) are converted to adenosine monophosphate (AMP), which is fur-
ther converted to adenosine, which binds inhibitory G-protein coupled re-
ceptors (GPCRs) on immune cells to dampen the inflammatory response.10 In 
tumors, prolonged elevated levels of extracellular adenosine in the TME sup-
press immune cell ac?va?on and effector func?ons, thereby causing immune 
escape and therapy resistance.9,11 In addi?on to indirect mechanisms such as 
leakage from necro?c cells in hypoxic areas, the accumula?on of adenosine 
in the TME may be a consequence of gene?c changes that alter nucleo?de 
metabolism in tumor cells. 
 
Nucleo?de metabolism leading to the produc?on of extracellular adenosine 
involves the conversion of ATP and ADP to AMP by ecto-enzymes, including 
ectonucleoside triphosphate diphosphohydrolase-1 (ENTPD1/CD39)12 fol-
lowed by the subsequent conversion of AMP to adenosine, mainly by the 
ecto-5’-nucleo?dase, NT5E/CD73.13 CD39 is a transmembrane protein 
whereas CD73 is linked to glycosylphospha?dyl inositol (GPI) in the plasma 
membrane and can be shed from the membrane through proteoly?c cleav-
age or GPI hydrolysis.13 Given their key role in the crea?on of an immunosup-
pressed TME, CD39 and CD73 represent candidate targets for cancer immu-
notherapy, and their poten?al has been established in preclinical models.14-

22 Increased levels of CD73 expression have been reported in mul?ple solid 
tumor types23-27 but it is incompletely understood how tumor cells may mod-
ulate expression of this ectoenzyme. Tumor cells display plas?city and carci-
nomas typically contain popula?ons of tumor cells with different epithelial 
versus mesenchymal characteris?cs.2 The transi?on to a more mesenchymal 
state has been associated with immune evasion in breast- and other carcino-
mas.28,29 Recent studies have shown that epithelial-mesenchymal transi?on 
(EMT) can modulate CD73, which may involve ac?va?on of TGFb signaling 
and the SNAIL transcrip?on factor and contributes to immune suppression.30-

32 
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Grainyhead-like 2 (GRHL2) is a cri?cal transcrip?on factor for development 
and func?on of epithelial ?ssues that competes with mesenchymal transcrip-
?on factors such as ZEB and SNAIL to suppresses EMT.33-39 We have previously 
iden?fied GHRL2-regulated genes in breast cancer cells using condi?onal 
knockout (KO) cells, ChIP-seq, and Bru-seq.40,41 Here, we iden?fy the NT5E 
gene as a GRHL2 target and reveal how GRHL2 deple?on induces NT5E/CD73 
expression and, consequently, triggers extracellular adenosine produc?on. 
We find that GRHL2 and CD73 expression are inversely correlated in a panel 
of human breast cancer cell lines and human breast cancer pa?ents. We 
show that, in addi?on to its previously established role as a suppressor of T 
cell-mediated cytotoxicity, CD73-mediated adenosine produc?on in fact 
leads to an increase in T cell recruitment and, in agreement, NT5E expression 
is posi?vely rather than nega?vely associated with T cell infiltra?on in breast 
cancer pa?ents. 
 

Results 
Loss of GRHL2 upregulates NT5E/CD73 expression in MCF-7 cells 
We explored GRHL2-regulated genes iden?fied by nascent RNA Bru-seq in an 
MCF-7 condi?onal GRHL2 KO model. We previously developed this model us-
ing doxycycline induced Cas9 expression to trigger GRHL2 deple?on.41 One 
of the genes whose transcrip?on was upregulated in response to loss of 
GRHL2 was NT5E. Sequence reads of NT5E nascent mRNA were mapped to 
the NT5E genomic sequence in Ctrl sgRNA, GRHL2 sgRNA#1 (KO-1), and 
GRHL2 sgRNA#2(KO-2) samples (Fig. 1A, B).  An increase in the rate of syn-
thesis of NT5E mRNA was observed upon GRHL2 dele?on for both Kos and 
this rate decreased at the 3’end of the transcript, indica?ve of nascent mRNA 
degrada?on. Normalized log2-fold changes showed that nascent NT5E mRNA 
was induced within the first 48h of doxycycline-induced GRHL2 deple?on and 
increased transcrip?on was maintained for at least 16 days for one sgRNA 
(KO-1) whereas a second sgRNA (KO-2) showed a gradual return to baseline 
in this experiment (Fig. 1C). 
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Figure 1: Loss of GRHL2 upregulates CD73 expression in MCF-7 cells.  
(A) Bru-seq reads of nascent NT5E mRNA in an MCF-7 condi;onal GRHL2 KO 
model. Graphs are shown for a control sgRNA (Ctr) and 2 GRHL2 sgRNA models 
(KO1 and 2) and colors represent the indicated ;mepoints auer doxycycline in-
duced GRHL2 dele;on. The reference sequence annota;on is shown above with 
exons in green blocks. (B) Immunofluorescence images of HOECHST (blue), Cas9 
Ab (red), or GRHL2 Ab (green) for CTR or GRHL2 KO MCF-7 cells auer 48 hours 1 
ug/ml doxycycline treatment. (C) Graph showing log2 fold changes of nascent 
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NT5E mRNA for the indicated ;me points auer doxycycline exposure in CTR or 
GRHL2 KO MCF-7 cells. (D) qRT-PCR analysis showing changes in total NT5E mRNA 
expression at the indicated ;mepoints auer doxycycline induced GRHL2 dele;on. 
Values were normalized to the untreated samples for each ;me point. Data ana-
lyzed using 2–∆∆Ct method. Mean and SD of three biological replicates is shown. 
(Two-way ANOVA test; n.s., non-significant; ***p<0.001; ****p<0.0001). (E) 
Western blot analysis of Cas9, GRHL2, and CD73 in MCF-7 control sgRNA (Ctr) and 
2 GRHL2 sgRNA models (KO1 and KO2) at the indicated ;mepoints auer doxycy-
cline induced GRHL2 dele;on. Tubulin serves as a loading control. One out of three 
biological replicates shown. MDA-MB-231 basal B cells serve as posi;ve control 
for CD73 expression. 

 
We confirmed the Bru-seq data by qRT-PCR on RNA samples extracted from 
the GRHL2 KO-induced MCF-7 cells (Fig. 1D). Total NT5E mRNA levels were 
increased in response to GRHL2 dele?on star?ng from day 4 and remaining 
high at 8 and 16 days a_er loss of GRHL2. Increased NT5E mRNA levels were 
accompanied by an induc?on of the NT5E/CD73 protein (Fig 1E). CD73 pro-
tein expression emerged in GRHL2-depleted cells at 8 and 16 days a_er 
doxycycline treatment in both GRHL2 KO-1 and KO-2 models but not in the 
Ctrl model. A basal B cell line expressing CD73 served as a posi?ve control. 
Together, these findings demonstrated that GRHL2 controls expression of the 
NT5E gene and, consequently, the CD73 protein. 
 
NT5E/CD73 levels are inversely correlated with GRHL2 in breast cancer cell 
lines and breast cancer pa]ent tumor samples 
We next addressed whether the inverse correla?on between GRHL2 and 
NT5E iden?fied in the MCF-7 condi?onal KO models was observed in a larger 
series of breast cancer cell lines. For this purpose, RNA-seq data from 52 hu-
man breast cancer cell lines represen?ng dis?nct breast cancer subtypes was 
explored.42 Indeed, GRHL2 mRNA was highly expressed in Her2 low and 
Her2+ luminal and, with more varia?on in TNBC basal A breast cancer cell 
lines while it was not or lowly expressed in TNBC basal B cell lines (p< 0.0001), 
NT5E showed an opposite paiern (Fig. 2A). NT5E mRNA expression was 
somewhat increased in TNBC basal A cell lines as compared to the luminal 
breast cancer cell lines (p<0.05) and showed a sharp further increase in TNBC 
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Basal B cell lines (p<0.001). For basal A, NT5E expression showed a wide dis-
tribu?on, indica?ng that GRHL2/NT5E double posi?ve lines as well as GRHL2 
posi?ve/NT5E nega?ve lines may be present in this subtype. IHC confirmed 
the inverse correla?on between GRHL2 and CD73 in selected luminal versus 
basal B cells (Fig. S1). The inverse correla?on between GRHL2 and 
NT5E/CD73 expression was further established in a series of breast cancer 
cell lines represen?ng Her2- luminal (CAMA-1 and T47D), Her2+ luminal 
(MDA-MB-361 and BT474), TNBC basal A (HCC1806 and HCC1143), and TNBC 
basal B cell lines (MDA-MB-231 and BT549). GRHL2 mRNA decreased while 
NT5E mRNA emerged in the basal B cell lines (Fig. 2B). In agreement, CD73 
protein expression in this series was not detected in luminal cell lines, weakly 
expressed in basal A cell lines, and was strongly expressed in the GRHL2 neg-
a?ve basal B cell lines (Fig. 2C). Notably, CD73 cell surface expression as de-
tected by flow cytometry was more heterogeneous with an increase in BT549 
but not MDA-MB-231 basal B cells as compared to luminal and basal A cells 
(Fig. 2D). This difference between total cellular versus cell surface detected 
CD73 protein may be related to differences in CD73 shedding from the mem-
brane.13 
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Figure 2: NT5E/CD73 levels are inversely corelated with GRHL2 in breast cancer 
subtypes and breast cancer pa/ent tumor samples. (A) Violin plots showing gene 
expression levels of GRHL2 and NT5E based on RNA-seq data for 52 human breast 
cancer cell lines grouped according to the indicated subtypes. p-values calculated 
using One-way ANOVA as described in a previous study.42 n.s., non-significant. (B) 
qRT-PCR analysis showing CD73 (leu panel) and GRHL2 mRNA expression for the 
indicated cell lines. Data analyzed using 2–∆Ct method for the gene of interest 
corrected for GAPDH control. Mean and SD of two experiments performed in trip-
licate is shown. (Two-way ANOVA test) (C) Western blot analysis of CD73 and 
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GAPDH loading control in the indicated cell lines. One experiment of 2 is shown. 
(D) Flow cytometry analysis of CD73 surface expression in the indicated cell lines. 
Mean and SD of two experiments performed in duplicate is shown. (E) Correla;on 
between gene expression levels of NT5E and GRHL2 in breast cancer tumors using 
METABRIC dataset. Correla;on scores and p-values shown as determined in cBi-
oPortal. (F) CD73 score derived from IHC, on whole slides of a series of metaplas;c 
(TNBC) and high and low GRHL2 mRNA tumors, separated for GRHL2 IHC posi;ve 
and GRHL2 IHC nega;ve cases. Mean and SEM is shown. p-value calculated using 
non-parametric t-test with unequal variance. (G) Representa;ve IHC images for 
GRHL2 and CD73 in breast cancer ;ssues. Tumor 1,2,4 are metaplas;c tumors. 
Tumor 1 containing *area with non-invasive tumor cells staining posi;ve for 
GRHL2 and nega;ve for CD73. **area with stroma containing invasive tumor cells 
staining nega;ve for GRHL2 and posi;ve for CD73. Tumor 2 Arrow indicates milk 
duct with GRHL2 posi;ve/CD73 nega;ve epithelial cells surrounded by GRHL2 
nega;ve/CD73 posi;ve stroma. **area with invasive tumor cells staining posi;ve 
for GRHL2 and nega;ve for CD73. Tumor 3 mRNA high tumor containing **area 
with stroma containing invasive tumor cells staining posi;ve for GRHL2 and nega-
;ve for CD73. Tumor 4 **area containing invasive tumor cells staining nega;ve for 
GRHL2 and posi;ve for CD73. Bars, 50um; note that magnifica;on is higher for 
tumor 1, 3, and 4 versus tumor 2. 

 
To determine the clinical relevance of this inverse correla?on, we used the 
publicly available dataset METABRIC, containing targeted sequencing mRNA 
data of 1,904 primary breast cancer samples, and performed a co-expression 
analysis using cBioPortal. The co-regula?on analysis revealed a significant 
nega?ve rela?on between GRHL2 and NT5E mRNAs in breast cancer pa?ent 
tumors with a Spearman value of -0.32 (p<0.001) (Fig. 2E). We further inves-
?gated the rela?on between GRHL2 and CD73 protein expression levels by 
immunohistochemistry (IHC) on samples of human breast cancer ?ssue, 
choosing a set of 10 GRHL2 high, 10 GRHL2 low (based on RNAseq) and 10 
metaplas?c breast adenocarcinoma pa?ent tumors as these were expected 
to be heterogeneous. Scoring GRHL2 nuclear staining versus CD73 mem-
brane staining on these TMAs, further confirmed a nega?ve correla?on (Fig. 
2F,G). Tumors o_en showed areas with GRHL2 nega?ve and areas with posi-
?ve cells. GRHL2 posi?ve tumors or tumor areas were mostly CD73 nega?ve; 
GRHL2 nega?ve tumors or tumor areas showed a mixed paiern for CD73. 
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The presence of CD73 in vessels, fibroblasts, and inflammatory cells in some 
cases prevented accurate assessment of CD73 expression in tumor cells. 
Taken together, in agreement with the findings in the MCF-7 condi?onal KO 
model, these findings indicated that NT5E/CD73 is nega?vely correlated with 
GRHL2 in human breast cancer cell lines and breast cancer pa?ents. 
 
GRHL2 binds NT5E gene in mul]ple luminal and basal-A breast cancer cell 
lines 
Having established an inverse correla?on between GRHL2 and NT5E/CD73 
we asked whether the NT5E gene could be subject to direct transcrip?onal 
regula?on by GRHL2 in breast cancer. Therefore, we analyzed our recent 
ChIP-seq data exploring genome-wide binding sites of GRHL2 in three luminal 
human breast cancer cell lines (MCF-7, T47D, and BT474) and three basal A 
human breast cancer cell lines (HCC1806, BT20, and MDA-MB-468).40,41 Anal-
ysis of ChIP-seq tracks along the NT5E gene located on chromosome 6, re-
vealed a GRHL2 binding site in intron 6 (intron 7 in a NT5E gene variant that 
has a short exon inserted upstream of the GRHL2 peak) that was conserved 
among all six cell lines (Fig. 3A). Further analysis of these peaks using MEME 
ChIP iden?fied a core GRHL2 binding mo?f (AACC[A/C/G]GTT) (Fig. 3B). The 
occurrence of the GRHL2 mo?f in the region occupied by GRHL2 in intron 6 
was also confirmed in all six breast cancer cell lines using FIMO43 (Fig. 3C). 
Lastly, similar to the large majority of GRHL2 binding sites41 no AG-
GTCAnnnTGACCT ER⍺ mo?f was detected in a -1000 to +1000 nucleo?de 
stretch around the GRHL2 peak. This data demonstrated that GRHL2 interacts 
with the NT5E gene and the inverse rela?on between GRHL2 and NT5E/CD73 
in breast cancer may involve GRHL2-mediated nega?ve transcrip?onal regu-
la?on. 
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Figure 3: Conserved GRHL2 binding site in the NT5E gene across luminal and ba-
sal-A breast cancer cell lines.  
(A) GRHL2 ChIP tracks showing its interac;ons along the NT5E DNA in the indi-
cated luminal (labeled red) and basal-A cell lines (labeled green). Note that track 
heights use different scales. Annota;on of the reference sequence is displayed 
below with exons in blue bars. (B) GRHL2 binding mo;f iden;fied in GRHL2 ChIP-
seq peaks on NT5E DNA using MEME ChIP on data retrieved from the JASPAR da-
tabase. Y axis shows frequency matrix of each base occurrence. (C) Table showing 
loca;ons and frequency of the GRHL2 mo;f in the NT5E gene for the indicated 
breast cancer cell lines as determined using FIMO. Mo;f occurrence measured 
with log-odds scores and converted into p values; q values calculated using Benja-
mini and Hochberg method. 

q-valuep- valueSequence 
location

Matched 
sequence

Cell line

0.05161.87e-06chr6:85490487-
85490986

AACCAGTTTGACMCF-7

0.04831.87e-06chr6:85490483-
85490982

AACCAGTTTGACT-47D

0.04171.87e-06chr6:85490341-
85490841

AACCAGTTTGACBT-474

0.05131.87e-06chr6:85490454-
85490953

AACCAGTTTGACHCC1806

0.07721.87e-06chr6:85490426-
85490925

AACCAGTTTGACMDA-MB-468

0.04351.87e-06chr6:85490482-
85490981

AACCAGTTTGACBT-20

C.

B.

A.

MCF-7

T-47D

BT-474

HCC1806
MDA-MB-
468
BT-20
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GRHL2 regulates CD73-mediated extracellular adenosine produc]on 
CD73 is a cell-surface ecto-nucleo?dase that catalyzes the conversion of ex-
tracellular AMP into adenosine.13 As we observed nega?ve regula?on of 
NT5E/CD73 by GRHL2 we next inves?gated whether loss of GRHL2 led to an 
increase in CD73-mediated adenosine produc?on in MCF-7 cells. A_er 7 days 
of doxycycline exposure, we observed a strong reduc?on of GRHL2 protein 
expression in the GRHL2 KO-1, and GRHL2 KO-2 models whereas no altera-
?ons in GRHL2 protein expression were detected in the Ctrl sgRNA model 
condi?on (Fig. 4A). Parallel samples were generated for the analysis of aden-
osine produc?on using Malachite Green, which detects the concentra?on of 
inorganic phosphate in the supernatant that accumulates as a result of the 
conversion of AMP into adenosine (Fig. 4B). Since CD73 expression is high in 
basal B breast cancer cells (Fig 2A), we included MDA-MB-231 and Hs578T 
basal B cells as posi?ve controls. Baseline signals were similar for MCF-7 ctrl, 
GRHL2 KO-1 and KO-2, and the two posi?ve controls but the addi?on of AMP 
as a substrate significantly increased adenosine produc?on in the posi?ve 
control cells and the GRHL2 depleted MCF-7 cells, while no significant in-
crease was found for the MCF-7 ctrl cells (Fig. 4C). To demonstrate that the 
increase was due to the ac?vity of CD73, we made use of an enzyma?c inhib-
itor of CD73, α,β-methylene ADP (APCP). Indeed, APCP prevented the con-
version of AMP into adenosine in the posi?ve control cells and the GRHL2 
depleted MCF-7 cells. These data showed that, in agreement with the nega-
?ve regula?on of NT5E/CD73 by GRHL2, loss of GRHL2 triggers increased 
CD73-mediated adenosine produc?on. 
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Figure 4: GRHL2 regulates CD73-mediated extracellular adenosine produc/on.  
(A) Immunofluorescence staining showing GRHL2 loss at 7 days auer doxycycline-
mediated Cas9 induc;on in sgGRHL2 cells (KO-1 and KO-2) but not sgCTR cells for 
the experiment shown in C. Green, GRHL2 Ab; Blue, Hoechst. (B) Cartoon display-
ing the enzyma;c conversion of AMP into adenosine by CD73 resul;ng in the pro-
duc;on inorganic phosphate. Image created using BioRender. (C) Inorganic phos-
phate concentra;on measured by Malachite Green Assay in culture supernatants 
from the MCF-7 condi;onal KO model taken in parallel to images shown in A and 
basal B posi;ve control cell lines MDA-MB-231 and Hs578T.  Cells were incubated 
in absence or presence of 100μM AMP (substrate) with or without 25μM CD73 
inhibitor, APCP for 125 mins. Mean ± SD of four biological replicates is shown 
(Two-way ANOVA test; n.s., non-significant; *p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001). 
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Enhanced CD8+ T cell recruitment due to CD73 mediated adenosine pro-
duc]on in response to GRHL2 loss  
Adenosine is known to suppress the ac?va?on, prolifera?on and effector dif-
feren?a?on of CD8 T cells.9-11,44 Yet, for melanoma and bladder cancer it has 
been observed that T cell specific loss of A2AR adenosine receptors leads to 
a reduc?on in tumor associated CD8+ T cells. indica?ng that adenosine does 
not interfere with T cell recruitment in solid tumors.45 To address the rela?on 
between CD73 expression and CD8 T cell recruitment in breast cancer, we 
examined the associa?on NT5E mRNA levels and CD8 T cell infiltra?on using 
the TIMER 2.0 pa?ent data set.46 Expression of NT5E mRNA was posi?vely 
associated with CD8 T cell infiltra?on in all breast cancer subtypes tested (Fig. 
5A,B). We next evaluated the correla?on between GRHL2, CD73, and CD8 by 
IHC in a set of 10 GRHL2 high, 10 GRHL2 low (based on RNA-seq), and 10 
metaplas?c breast adenocarcinoma pa?ent tumors. Again, there was a trend 
towards lower CD8 infiltra?on in CD73 nega?ve tumors although CD8 IHC 
was heterogeneous and in this small set of tumors the difference with CD73 
posi?ve tumors was not significant (Fig 5C, D; Fig. S2). This raised the possi-
bility that enhanced CD73-mediated adenosine produc?on by tumor cells 
may in fact s?mulate rather than inhibit T cell recruitment (while locally sup-
pressing T cell func?on as demonstrated by others). We therefore examined 
how GRHL2 dele?on, through increased CD73 expression and adenosine pro-
duc?on affected recruitment of CD8 T cells to the tumor cells using the MCF-
7 condi?onal KO model. 
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Figure 5: Enhanced CD8+ T cell recruitment in response to GRHL2 loss.  
(A) TIMER 2.0 scaker plots showing the correla;on of NT5E mRNA expression with 
tumor purity (percentage of malignant cells in a tumor ;ssue; leu) and the pre-
dicted presence of CD8+ T cells (right) in all breast cancer (BRCA) lesions tested. 
(B) table showing TIMER 2.0 Spearman correla;on scores for associa;on between 
NT5E mRNA and predicted presence of CD8+ T cells across breast cancer pa;ent 
tumors separated for different molecular subtypes. (C) CD8 score (% CD8 posi;ve 
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T cells) derived from IHC, on whole slides of a series of metaplas;c (TNBC) and 
high and low GRHL2 mRNA tumors, separated for IHC determined CD73 mem-
brane staining posi;ve and nega;ve cases. Mean and SEM is shown. p-value cal-
culated using non-parametric t-test with unequal variance. (D) Representa;ve IHC 
images for GRHL2, CD73, and CD8 in breast cancer ;ssues. Arrow indicates area 
of infiltrated CD8 T cells in tumor 2 that is enlarged in the lower right corner. Bar, 
50um. (E) Quan;fica;on of the number of CD8+ T cells recruited towards the 
lower compartment of trans-wells at increasing concentra;ons of CXCL12 in pres-
ence or absence of 100 uM stable adenosine analog, NECA. Average and SEM of 
3 biological replicates is shown (Two-way ANOVA test; ***p<0.001. (F) Immuno-
fluorescence staining showing GRHL2 loss at 8 days auer doxycycline mediated 
Cas9 induc;on in sgGRHL2 cells but not sgCTR cells for the experiment shown in 
G. Green, GRHL2 Ab; Blue, Hoechst. (G) Quan;fica;on of CD8+ T cells recruited 
towards 

 
We first measured CD8+ T cell migra?on in the presence of a known chemo-
airactant, CXCL12, in the absence or presence of a stable adenosine analog 
(NECA) using a trans-well assay. CXCL12 s?mulated CD8+ T cell migra?on in a 
concentra?on dependent fashion, which was further increased by NECA (Fig. 
5E; Fig. S3). At 100ng/ml CXCL12 the presence of NECA significantly increased 
CD8+ T cell migra?on (p<0.0001). Next, a similar setup was used to inves?-
gate the impact of seeding MCF-7 cells expressing Ctrl sgRNA or GRHL2 
sgRNA cells at the boiom of the trans-well system and inducing GRHL2 de-
ple?on by incuba?ng with doxycycline for 8 days (Fig. 5F,G; Fig. S4). No sig-
nificant impact of control or GRHL2 KO cells was observed on CD8+ T cell mi-
gra?on in the absence of CXCL12. In the presence of CXCL12, the co-culture 
with GRHL2 KO cells s?mulated CD8+ T cell migra?on more strongly as com-
pared to the co-culture with control cells. To assess if the increase in CD8+T 
cell migra?on in the presence of GRHL2 KO cells was due to CD73 mediated 
adenosine produc?on, we made use of the APCP CD73 inhibitor. Notably, 
while APCP did not inhibit the CD8 T cell migra?on in the presence of control 
MCF-7 cells, it aienuated the enhanced migra?on of CD8+ T cells towards 
GRHL2 KO cells (Fig. 5G; Fig. S4). 
 
Altogether, these results indicated that CD73 mediated adenosine produc-
?on is associated with increased CD8+ T cell recruitment in breast tumors. 
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Loss of GRHL2, through enhanced CD73 expression, s?mulates CD8+ T cell 
migra?on towards breast cancer cells. 
 
Discussion 
GRHL2 is located on chromosome 8q22 that is frequently amplified in carci-
nomas.47 Yet, tumors are heterogeneous and our current work and that of 
others39 shows that GRHL2 expression is variable in breast cancer ?ssues. Our 
findings indicate that loss of GRHL2 can contribute to enhanced extracellular 
adenosine produc?on in the TME, which has been implicated in suppression 
of the ac?va?on, prolifera?on and effector differen?a?on of NK cells and T 
cells.9,11 
 
In the pa?ent data as well as in the cell line panel the correla?on between 
GRHL2 and NT5E/CD73 is heterogeneous. We observe a significant inverse 
correla?on but there are examples where both GRHL2 and NT5E/CD73 are 
present, or both are absent. This indicates that other mechanisms regulate 
the expression of NT5E/CD73 besides GRHL2. Indeed, several addi?onal 
mechanisms impinging on CD73 have been reported. EMT can modulate 
CD73, which may involve ac?va?on of TGFb signaling and the SNAIL tran-
scrip?on factor and this may contribute to immune suppression.30-32 We have 
previously shown that in the MCF-7 condi?onal KO model used in this study, 
dele?on of GRHL2 has limited impact on EMT markers,40,41 sugges?ng that 
enhanced CD73 expression and adenosine produc?on is not a consequence 
of EMT in this case. Increased transcrip?on of NT5E through ac?va?on of hy-
poxia-inducible factor-1 (HIF-1) or loss of hormone receptors such as estro-
gen receptor (ER) have also been iden?fied as alterna?ve mechanisms regu-
la?ng CD73 expression.48-50 However, we have not observed ac?va?on of the 
HIF pathway or changes in ER⍺ expression upon loss of GRHL2.41 GRHL2 has 
been reported to act as a pioneer factor, promo?ng chroma?n accessibility 
and GRHL2 has been found to co-occupy enhancer elements with FOXA1, 
GATA3, and ER⍺ in hormone receptor posi?ve breast cancers. However, we 
have previously found that only a minor propor?on of GRHL2 binding sites in 
the genome of breast cancer cell lines coincide with ER⍺ binding sites41 and 
in our current study no ER⍺ mo?f was iden?fied in the vicinity of the GRHL2 
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peak in the NT5E gene. Our findings point to an inhibitory interac?on of 
GRHL2 with the NT5E gene at a conserved binding site located in an intronic 
region. Here, GRHL2 may interact with enhancer elements or regulate his-
tone modifica?ons,51,52 similar to what we and others have observed for the 
majority of GRHL2 target genes.41,51,53 Our finding that NT5E/CD73 is in-
versely correlated with GRHL2 in breast cancer cell lines and in pa?ent tu-
mors or tumor areas, suggests the nega?ve regula?on of CD73 by GRHL2 in 
breast cancer is common. Notably, in the scoring of CD73 in pa?ent ?ssues 
we have focused on membrane associated CD73. The impact of altera?ons in 
CD73 expression may be further determined by the localiza?on of CD73, a 
GPI-linked protein that can be membrane bound or shed from the mem-
brane.13 
 
GRHL2 was previously shown to support NK cell mediated tumor cytotoxicity 
through a mechanism involving epigene?c s?mula?on of ICAM-1 expression, 
which supported enhanced NK-target cell synapse forma?on.54 However, 
GRHL2 has not been previously implicated in the interac?on of tumor cells 
with T cells. The elevated CD73-mediated extracellular adenosine levels trig-
gered by the loss of GRHL2, are expected to suppress T cell ac?vity based on 
earlier reports. Adenosine binds to GPCRs on immune cells thereby s?mulat-
ing (via A2A and A2B receptors) or suppressing (via A1 and A3 receptors) ad-
enylyl cyclase ac?vity, s?mula?ng intracellular calcium release (via A1 and A3 
receptors), and ac?va?ng ERK and p38 MAPK signaling (via A1, A2A, A2B, A3 
receptors).9 S?mula?on of A2AR on T cells has been reported to suppress the 
ac?va?on, prolifera?on and effector differen?a?on of CD8 T cells44 and A2AR 
dele?on in mouse models leads to enhanced tumor killing by CD8 cells.55 In-
deed, CD73 represents an ac?onable target to reduce extracellular adeno-
sine levels and enhance an?-tumor immunity.16 Our current work, however, 
shows that enhanced CD73-mediated extracellular adenosine produc?on 
may s?mulate rather than inhibit recruitment of CD8 T cells, and we corrob-
orate this effect using a stable adenosine analog. Interes?ngly, there is prec-
edent for a pro-migratory effect of adenosine in different contexts. Adeno-
sine has been implicated in the migra?on of dendri?c cells towards regula-
tory T cells56 and T-cell-specific dele?on or pharmacological inhibi?on of 
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A2AR has been shown to cause increased growth of ectopic tumors in mice 
as expected but in fact led to reduced CD8 T-cell accumula?on in these tu-
mors.45 Our finding that CD73 expression is not nega?vely correlated with 
CD8 T cell infiltra?on but rather associates with a slight increase, further es-
tablishes a dual role of extracellular adenosine in T cell migra?on versus cy-
totoxic ac?vity. 
 
In summary, this work demonstrates that GRHL2, a key epithelial transcrip-
?onal regulator, can regulate extracellular adenosine levels produced by 
breast cancer cells through suppression of the gene encoding the NT5E/CD73 
ecto-enzyme. Moreover, this study shows that adenosine produced by 
GRHL2 depleted breast cancer cells (or provided as a stable analog) can aug-
ment the recruitment of CD8 T cells, in addi?on to its previously established 
role as a suppressor of T cell-mediated cytotoxicity. 
 
Limita2ons of the study 
We focused on the impact of GRHL2-NT5E/CD73-adenosine axis on T cell mi-
gra?on. The suppression of T cell mediated cytotoxicity by adenosine has 
been firmly established by others.9-11,16,44 The MCF-7 condi?onal KO model 
shows decreased prolifera?on from 2 days a_er GRHL2 dele?on followed by 
a minor decrease in viability a_er 1 week (in agreement with the established 
roles of GRHL2).35,40 This precludes use of the model in assessment of T cell 
mediated cytotoxicity (e.g., in the context of biAbs). 
CD73-mediated produc?on of adenosine can involve tumor cells, stromal 
cells, regulatory T cells, and extracellular vesicles derived from these cell 
types.57-59 Our study demonstrates that GRHL2 levels can contribute to mod-
ula?on of adenosine produc?on by tumor cells, but further (in vivo) work is 
required to reveal the rela?ve contribu?on of adenosine produced by GRHL2 
nega?ve tumor cells in such a complex environment. 
 
Acknowledgements 
This work was supported by grants from the Dutch Cancer Society (KWF Re-
search Grant #10967) to Bircan Coban, the China Scholarship Council to Zi 
Wang, and the Dutch Research Council (NWO; Science-XL grant 2019.022) to 



GRHL2 suppression of NT5E/CD73 in breast cancer cells 
 

 191 

Erik Danen. The authors thank Mats Ljungman (Departments of Radia?on 
Oncology and Environmental Health Sciences, University of Michigan Medi-
cal School, Ann Arbor, MI, USA) for suppor?ng the analysis of Bru-seq data, 
Lucia Daxinger (Department of Human Gene?cs, Leiden University Medical 
Centre, Leiden, NL) for suppor?ng the analysis of ChIP-seq data, Bob van de 
Water (LACDR, Leiden University, Leiden, NL) for suppor?ng the analysis of 
RNAseq data obtained from a panel of breast cancer cell lines, Laura Heitman 
(LACDR, Leiden University, Leiden, NL) for providing reagents, and Sietske Luk 
and Mirjam Heemskerk (Department of Hematology, LUMC, Leiden, NL) for 
expert advice on tumor-T cell co-culture. 
 
Author contribu]ons 
BC designed, executed, and analyzed experiments, prepared figures, and 
wrote the original dra_ manuscript; ZW, CL, KB, and JH executed and ana-
lyzed experiments; MT and JWMM executed and analyzed IHC experiments 
using pa?ent samples; BS supported isola?on and flow cytometry analysis of 
PBMC derived CD8 T cells; AJMZ and EN analyzed experiments and co-wrote 
the original dra_ manuscript; EHJD, conceptualized the study, analyzed ex-
periments, and reviewed and edited the manuscript. All authors read and 
approved the final version of the manuscript. 
 
References 
1. Quail, D.F., and Joyce, J.A. (2013). Microenvironmental regulation of tumor 
progression and metastasis. Nat Med 19, 1423-1437. 10.1038/nm.3394. 
2. Coban, B., Bergonzini, C., Zweemer, A.J.M., and Danen, E.H.J. (2021). Metastasis: 
crosstalk between tissue mechanics and tumour cell plasticity. Br J Cancer 124, 49-
57. 10.1038/s41416-020-01150-7. 
3. El-Kenawi, A., Hanggi, K., and Ruffell, B. (2020). The Immune Microenvironment 
and Cancer Metastasis. Cold Spring Harb Perspect Med 10. 
10.1101/cshperspect.a037424. 
4. Peng, W., Chen, J.Q., Liu, C., Malu, S., Creasy, C., Tetzlaff, M.T., Xu, C., McKenzie, 
J.A., Zhang, C., Liang, X., et al. (2016). Loss of PTEN Promotes Resistance to T Cell-
Mediated Immunotherapy. Cancer Discov 6, 202-216. 10.1158/2159-8290.CD-15-
0283. 
5. Cassetta, L., and Pollard, J.W. (2023). A timeline of tumour-associated 
macrophage biology. Nat Rev Cancer 23, 238-257. 10.1038/s41568-022-00547-1. 
6. Sahai, E., Astsaturov, I., Cukierman, E., DeNardo, D.G., Egeblad, M., Evans, R.M., 
Fearon, D., Greten, F.R., Hingorani, S.R., Hunter, T., et al. (2020). A framework for 



Chapter 6 
 

  192 

advancing our understanding of cancer-associated fibroblasts. Nat Rev Cancer 20, 
174-186. 10.1038/s41568-019-0238-1. 
7. Ruiz de Galarreta, M., Bresnahan, E., Molina-Sánchez, P., Lindblad, K.E., Maier, B., 
Sia, D., Puigvehi, M., Miguela, V., Casanova-Acebes, M., Dhainaut, M., et al. (2019). 
Β-catenin activation promotes immune escape and resistance to anti-PD-1 therapy 
in hepatocellular carcinoma. Cancer Discov. 9, 1124-1141. 10.1158/2159-8290.CD-
19-0074. 
8. Groth, C., Hu, X., Weber, R., Fleming, V., Altevogt, P., Utikal, J., and Umansky, V. 
(2019). Immunosuppression mediated by myeloid-derived suppressor cells (MDSCs) 
during tumour progression. Br. J. Cancer 120, 16-25. 10.1038/s41416-018-0333-1. 
9. Antonioli, L., Blandizzi, C., Pacher, P., and Haskó, G. (2013). Immunity, 
inflammation and cancer: a leading role for adenosine. Nat. Rev. Cancer 13, 842-857. 
10.1038/nrc3613. 
10. Cekic, C., and Linden, J. (2016). Purinergic regulation of the immune system. Nat. 
Rev. Immunol. 16, 177-192. 10.1038/nri.2016.4. 
11. Hoskin, D.W., Mader, J.S., Furlong, S.J., Conrad, D.M., and Blay, J. (2008). 
Inhibition of T cell and natural killer cell function by adenosine and its contribution 
to immune evasion by tumor cells (Review). Int. J. Oncol. 32, 527-535. 
10.3892/ijo.32.3.527. 
12. Robson, S.C., Sévigny, J., and Zimmermann, H. (2006). The E-NTPDase family of 
ectonucleotidases: Structure function relationships and pathophysiological 
significance. Purinergic Signal. 2, 409-430. 10.1007/s11302-006-9003-5. 
13. Antonioli, L., Pacher, P., Vizi, E.S., and Haskó, G. (2013). CD39 and CD73 in 
immunity and inflammation. Trends Mol. Med. 19, 355-367. 
10.1016/j.molmed.2013.03.005. 
14. Perrot, I., Michaud, H.-A., Giraudon-Paoli, M., Augier, S., Docquier, A., Gros, L., 
Courtois, R., Déjou, C., Jecko, D., Becquart, O., et al. (2019). Blocking antibodies 
targeting the CD39/CD73 immunosuppressive pathway unleash immune responses 
in combination cancer therapies. Cell Rep. 27, 2411-2425.e2419. 
10.1016/j.celrep.2019.04.091. 
15. Yang, R., Elsaadi, S., Misund, K., Abdollahi, P., Vandsemb, E.N., Moen, S.H., 
Kusnierczyk, A., Slupphaug, G., Standal, T., Waage, A., et al. (2020). Conversion of 
ATP to adenosine by CD39 and CD73 in multiple myeloma can be successfully 
targeted together with adenosine receptor A2A blockade. J. Immunother. Cancer 8, 
e000610. 10.1136/jitc-2020-000610. 
16. Young, A., Ngiow, S.F., Barkauskas, D.S., Sult, E., Hay, C., Blake, S.J., Huang, Q., 
Liu, J., Takeda, K., Teng, M.W.L., et al. (2016). Co-inhibition of CD73 and A2AR 
adenosine signaling improves anti-tumor immune responses. Cancer Cell 30, 391-
403. 10.1016/j.ccell.2016.06.025. 
17. Stagg, J., Divisekera, U., Duret, H., Sparwasser, T., Teng, M.W.L., Darcy, P.K., and 
Smyth, M.J. (2011). CD73-deficient mice have increased antitumor immunity and are 
resistant to experimental metastasis. Cancer Res. 71, 2892-2900. 10.1158/0008-
5472.CAN-10-4246. 



GRHL2 suppression of NT5E/CD73 in breast cancer cells 
 

 193 

18. Stagg, J., Beavis, P.A., Divisekera, U., Liu, M.C.P., Möller, A., Darcy, P.K., and 
Smyth, M.J. (2012). CD73-deficient mice are resistant to carcinogenesis. Cancer Res. 
72, 2190-2196. 10.1158/0008-5472.CAN-12-0420. 
19. Wang, L., Fan, J., Thompson, L.F., Zhang, Y., Shin, T., Curiel, T.J., and Zhang, B. 
(2011). CD73 has distinct roles in nonhematopoietic and hematopoietic cells to 
promote tumor growth in mice. J. Clin. Invest. 121, 2371-2382. 10.1172/JCI45559. 
20. Hay, C.M., Sult, E., Huang, Q., Mulgrew, K., Fuhrmann, S.R., McGlinchey, K.A., 
Hammond, S.A., Rothstein, R., Rios-Doria, J., Poon, E., et al. (2016). Targeting CD73 
in the tumor microenvironment with MEDI9447. Oncoimmunology 5, e1208875. 
10.1080/2162402X.2016.1208875. 
21. Terp, M.G., Olesen, K.A., Arnspang, E.C., Lund, R.R., Lagerholm, B.C., Ditzel, H.J., 
and Leth-Larsen, R. (2013). Anti-human CD73 monoclonal antibody inhibits 
metastasis formation in human breast cancer by inducing clustering and 
internalization of CD73 expressed on the surface of cancer cells. J. Immunol. 191, 
4165-4173. 10.4049/jimmunol.1301274. 
22. Stagg, J., Divisekera, U., McLaughlin, N., Sharkey, J., Pommey, S., Denoyer, D., 
Dwyer, K.M., and Smyth, M.J. (2010). Anti-CD73 antibody therapy inhibits breast 
tumor growth and metastasis. Proc. Natl. Acad. Sci. U. S. A. 107, 1547-1552. 
10.1073/pnas.0908801107. 
23. Allard, B., Allard, D., Buisseret, L., and Stagg, J. (2020). The adenosine pathway in 
immuno-oncology. Nat. Rev. Clin. Oncol. 17, 611-629. 10.1038/s41571-020-0382-2. 
24. Yang, H., Yao, F., Davis, P.F., Tan, S.T., and Hall, S.R.R. (2021). CD73, tumor 
plasticity and immune evasion in solid cancers. Cancers (Basel) 13, 177. 
10.3390/cancers13020177. 
25. Jeong, Y.M., Cho, H., Kim, T.-M., Kim, Y., Jeon, S., Bychkov, A., and Jung, C.K. 
(2020). CD73 Overexpression promotes progression and recurrence of papillary 
thyroid carcinoma. Cancers (Basel) 12, 3042. 10.3390/cancers12103042. 
26. Turcotte, M., Spring, K., Pommey, S., Chouinard, G., Cousineau, I., George, J., 
Chen, G.M., Gendoo, D.M.A., Haibe-Kains, B., Karn, T., et al. (2015). CD73 is 
associated with poor prognosis in high-grade serous ovarian cancer. Cancer Res. 75, 
4494-4503. 10.1158/0008-5472.CAN-14-3569. 
27. Leclerc, B.G., Charlebois, R., Chouinard, G., Allard, B., Pommey, S., Saad, F., and 
Stagg, J. (2016). CD73 expression is an independent prognostic factor in prostate 
cancer. Clin. Cancer Res. 22, 158-166. 10.1158/1078-0432.CCR-15-1181. 
28. Mullins, R.D.Z., Pal, A., Barrett, T.F., Heft Neal, M.E., and Puram, S.V. (2022). 
Epithelial-mesenchymal plasticity in tumor immune evasion. Cancer Res. 82, 2329-
2343. 10.1158/0008-5472.CAN-21-4370. 
29. Dongre, A., Rashidian, M., Reinhardt, F., Bagnato, A., Keckesova, Z., Ploegh, H.L., 
and Weinberg, R.A. (2017). Epithelial-to-mesenchymal transition contributes to 
immunosuppression in breast carcinomas. Cancer Res. 77, 3982-3989. 
10.1158/0008-5472.CAN-16-3292. 
30. Giraulo, C., Turiello, R., Orlando, L., Leonardelli, S., Landsberg, J., Belvedere, R., 
Rolshoven, G., Müller, C.E., Hölzel, M., and Morello, S. (2023). The CD73 is induced 
by TGF-β1 triggered by nutrient deprivation and highly expressed in dedifferentiated 



Chapter 6 
 

  194 

human melanoma. Biomed. Pharmacother. 165, 115225. 
10.1016/j.biopha.2023.115225. 
31. Hasmim, M., Berchem, G., and Janji, B. (2022). A role for EMT in CD73 regulation 
in breast cancer. Oncoimmunology 11, 2152636. 10.1080/2162402X.2022.2152636. 
32. Hasmim, M., Xiao, M., Van Moer, K., Kumar, A., Oniga, A., Mittelbronn, M., 
Duhem, C., Chammout, A., Berchem, G., Thiery, J.P., et al. (2022). SNAI1-dependent 
upregulation of CD73 increases extracellular adenosine release to mediate immune 
suppression in TNBC. Front. Immunol. 13, 982821. 10.3389/fimmu.2022.982821. 
33. Wang, S., and Samakovlis, C. (2012). Grainy head and its target genes in epithelial 
morphogenesis and wound healing. Curr. Top. Dev. Biol. 98, 35-63. 10.1016/B978-0-
12-386499-4.00002-1. 
34. Mathiyalagan, N., Miles, L.B., Anderson, P.J., Wilanowski, T., Grills, B.L., 
McDonald, S.J., Keightley, M.C., Charzynska, A., Dabrowski, M., and Dworkin, S. 
(2019). Meta-analysis of grainyhead-like dependent transcriptional networks: A 
roadmap for identifying novel conserved genetic pathways. Genes (Basel) 10, 876. 
10.3390/genes10110876. 
35. Mlacki, M., Kikulska, A., Krzywinska, E., Pawlak, M., and Wilanowski, T. (2015). 
Recent discoveries concerning the involvement of transcription factors from the 
Grainyhead-like family in cancer. Exp Biol Med (Maywood) 240, 1396-1401. 
10.1177/1535370215588924. 
36. Frisch, S.M., Farris, J.C., and Pifer, P.M. (2017). Roles of Grainyhead-like 
transcription factors in cancer. Oncogene 36, 6067-6073. 10.1038/onc.2017.178. 
37. Cieply, B., Riley, P.t., Pifer, P.M., Widmeyer, J., Addison, J.B., Ivanov, A.V., Denvir, 
J., and Frisch, S.M. (2012). Suppression of the epithelial-mesenchymal transition by 
Grainyhead-like-2. Cancer Res 72, 2440-2453. 10.1158/0008-5472.CAN-11-4038. 
38. Cieply, B., Farris, J., Denvir, J., Ford, H.L., and Frisch, S.M. (2013). Epithelial-
mesenchymal transition and tumor suppression are controlled by a reciprocal 
feedback loop between ZEB1 and Grainyhead-like-2. Cancer Res 73, 6299-6309. 
10.1158/0008-5472.CAN-12-4082. 
39. Werner, S., Frey, S., Riethdorf, S., Schulze, C., Alawi, M., Kling, L., Vafaizadeh, V., 
Sauter, G., Terracciano, L., Schumacher, U., et al. (2013). Dual roles of the 
transcription factor grainyhead-like 2 (GRHL2) in breast cancer. J Biol Chem 288, 
22993-23008. 10.1074/jbc.M113.456293. 
40. Wang, Z., Coban, B., Liao, C.-Y., Chen, Y.-J., Liu, Q., and Danen, E.H.J. (2023). 
GRHL2 regulation of growth/motility balance in luminal versus basal breast cancer. 
Int. J. Mol. Sci. 24, 2512. 10.3390/ijms24032512. 
41. Wang, Z., Coban, B., Wu, H., Chouaref, J., Daxinger, L., Paulsen, M.T., Ljungman, 
M., Smid, M., Martens, J.W.M., and Danen, E.H.J. (2023). GRHL2-controlled gene 
expression networks in luminal breast cancer. Cell Commun. Signal. 21, 15. 
10.1186/s12964-022-01029-5. 
42. Koedoot, E., Wolters, L., Smid, M., Stoilov, P., Burger, G.A., Herpers, B., Yan, K., 
Price, L.S., Martens, J.W.M., Le Dévédec, S.E., and van de Water, B. (2021). 
Differential reprogramming of breast cancer subtypes in 3D cultures and 



GRHL2 suppression of NT5E/CD73 in breast cancer cells 
 

 195 

implications for sensitivity to targeted therapy. Sci. Rep. 11, 7259. 10.1038/s41598-
021-86664-7. 
43. Grant, C.E., Bailey, T.L., and Noble, W.S. (2011). FIMO: scanning for occurrences 
of a given motif. Bioinformatics 27, 1017-1018. 10.1093/bioinformatics/btr064. 
44. Linnemann, C., Schildberg, F.A., Schurich, A., Diehl, L., Hegenbarth, S.I., Endl, E., 
Lacher, S., Müller, C.E., Frey, J., Simeoni, L., et al. (2009). Adenosine regulates CD8 T-
cell priming by inhibition of membrane-proximal T-cell receptor signalling. 
Immunology 128, e728-737. 10.1111/j.1365-2567.2009.03075.x. 
45. Cekic, C., and Linden, J. (2014). Adenosine A2A receptors intrinsically regulate 
CD8+ T cells in the tumor microenvironment. Cancer Res. 74, 7239-7249. 
10.1158/0008-5472.CAN-13-3581. 
46. Li, T., Fu, J., Zeng, Z., Cohen, D., Li, J., Chen, Q., Li, B., and Liu, X.S. (2020). 
TIMER2.0 for analysis of tumor-infiltrating immune cells. Nucleic Acids Res. 48, 
W509-W514. 10.1093/nar/gkaa407. 
47. Dompe, N., Rivers, C.S., Li, L., Cordes, S., Schwickart, M., Punnoose, E.A., Amler, 
L., Seshagiri, S., Tang, J., Modrusan, Z., and Davis, D.P. (2011). A whole-genome RNAi 
screen identifies an 8q22 gene cluster that inhibits death receptor-mediated 
apoptosis. Proc Natl Acad Sci U S A 108, E943-951. 10.1073/pnas.1100132108. 
48. Samanta, D., Park, Y., Ni, X., Li, H., Zahnow, C.A., Gabrielson, E., Pan, F., and 
Semenza, G.L. (2018). Chemotherapy induces enrichment of CD47+/CD73+/PDL1+ 
immune evasive triple-negative breast cancer cells. Proc. Natl. Acad. Sci. U. S. A. 115, 
E1239-E1248. 10.1073/pnas.1718197115. 
49. Synnestvedt, K., Furuta, G.T., Comerford, K.M., Louis, N., Karhausen, J., Eltzschig, 
H.K., Hansen, K.R., Thompson, L.F., and Colgan, S.P. (2002). Ecto-5'-nucleotidase 
(CD73) regulation by hypoxia-inducible factor-1 mediates permeability changes in 
intestinal epithelia. J. Clin. Invest. 110, 993-1002. 10.1172/JCI15337. 
50. Spychala, J., Lazarowski, E., Ostapkowicz, A., Ayscue, L.H., Jin, A., and Mitchell, 
B.S. (2004). Role of estrogen receptor in the regulation of ecto-5'-nucleotidase and 
adenosine in breast cancer. Clin Cancer Res 10, 708-717. 10.1158/1078-0432.ccr-
0811-03. 
51. Chung, V.Y., Tan, T.Z., Tan, M., Wong, M.K., Kuay, K.T., Yang, Z., Ye, J., Muller, J., 
Koh, C.M., Guccione, E., et al. (2016). GRHL2-miR-200-ZEB1 maintains the epithelial 
status of ovarian cancer through transcriptional regulation and histone modification. 
Sci Rep 6, 19943. 10.1038/srep19943. 
52. Chung, V.Y., Tan, T.Z., Ye, J., Huang, R.L., Lai, H.C., Kappei, D., Wollmann, H., 
Guccione, E., and Huang, R.Y. (2019). The role of GRHL2 and epigenetic remodeling 
in epithelial-mesenchymal plasticity in ovarian cancer cells. Commun Biol 2, 272. 
10.1038/s42003-019-0506-3. 
53. Walentin, K., Hinze, C., Werth, M., Haase, N., Varma, S., Morell, R., Aue, A., 
Potschke, E., Warburton, D., Qiu, A., et al. (2015). A Grhl2-dependent gene network 
controls trophoblast branching morphogenesis. Development 142, 1125-1136. 
10.1242/dev.113829. 
54. MacFawn, I., Wilson, H., Selth, L.A., Leighton, I., Serebriiskii, I., Bleackley, R.C., 
Elzamzamy, O., Farris, J., Pifer, P.M., Richer, J., and Frisch, S.M. (2019). Grainyhead-



Chapter 6 
 

  196 

like-2 confers NK-sensitivity through interactions with epigenetic modifiers. Mol 
Immunol 105, 137-149. 10.1016/j.molimm.2018.11.006. 
55. Ohta, A., Gorelik, E., Prasad, S.J., Ronchese, F., Lukashev, D., Wong, M.K., Huang, 
X., Caldwell, S., Liu, K., Smith, P., et al. (2006). A2A adenosine receptor protects 
tumors from antitumor T cells. Proc Natl Acad Sci U S A 103, 13132-13137. 
10.1073/pnas.0605251103. 
56. Ring, S., Pushkarevskaya, A., Schild, H., Probst, H.C., Jendrossek, V., Wirsdorfer, 
F., Ledent, C., Robson, S.C., Enk, A.H., and Mahnke, K. (2015). Regulatory T cell-
derived adenosine induces dendritic cell migration through the Epac-Rap1 pathway. 
J Immunol 194, 3735-3744. 10.4049/jimmunol.1401434. 
57. Schneider, E., Winzer, R., Rissiek, A., Ricklefs, I., Meyer-Schwesinger, C., Ricklefs, 
F.L., Bauche, A., Behrends, J., Reimer, R., Brenna, S., et al. (2021). CD73-mediated 
adenosine production by CD8 T cell-derived extracellular vesicles constitutes an 
intrinsic mechanism of immune suppression. Nat Commun 12, 5911. 
10.1038/s41467-021-26134-w. 
58. Deaglio, S., Dwyer, K.M., Gao, W., Friedman, D., Usheva, A., Erat, A., Chen, J.F., 
Enjyoji, K., Linden, J., Oukka, M., et al. (2007). Adenosine generation catalyzed by 
CD39 and CD73 expressed on regulatory T cells mediates immune suppression. J Exp 
Med 204, 1257-1265. 10.1084/jem.20062512. 
59. Clayton, A., Al-Taei, S., Webber, J., Mason, M.D., and Tabi, Z. (2011). Cancer 
exosomes express CD39 and CD73, which suppress T cells through adenosine 
production. J Immunol 187, 676-683. 10.4049/jimmunol.1003884. 
60. Machanick, P., and Bailey, T.L. (2011). MEME-ChIP: motif analysis of large DNA 
datasets. Bioinformatics 27, 1696-1697. 10.1093/bioinformatics/btr189. 
61. Curtis, C., Shah, S.P., Chin, S.F., Turashvili, G., Rueda, O.M., Dunning, M.J., Speed, 
D., Lynch, A.G., Samarajiwa, S., Yuan, Y., et al. (2012). The genomic and 
transcriptomic architecture of 2,000 breast tumours reveals novel subgroups. 
Nature 486, 346-352. 10.1038/nature10983. 
62. Pereira, B., Chin, S.F., Rueda, O.M., Vollan, H.K., Provenzano, E., Bardwell, H.A., 
Pugh, M., Jones, L., Russell, R., Sammut, S.J., et al. (2016). The somatic mutation 
profiles of 2,433 breast cancers refines their genomic and transcriptomic landscapes. 
Nat Commun 7, 11479. 10.1038/ncomms11479. 
 
 

Resource availability 
Lead contact 
Erik HJ Danen (e.danen@lacdr.leidenuniv.nl) 
 
Materials availability 
The figures and supplementary materials contain the data. No addi?onal ma-
terials were generated as part of this study. 

mailto:e.danen@lacdr.leidenuniv.nl


GRHL2 suppression of NT5E/CD73 in breast cancer cells 
 

 197 

 
Data and code availability 
Data: All data generated in the study is presented in this published ar?cle.   
Code: This paper does not report original code. 
The lead contact can provide the informa?on for all relevant data and re-
sources upon request. 
 
Experimental model and study par2cipant details  
Human subjects 
The Erasmus MC medical ethics commiiee has declared that retrospec?ve 
biomarker research on surgically resected specimen is according to Dutch law 
exempt of medical ethical approval (MEC 02-953). Furthermore, the study 
has been performed in accordance with the na?onal guidelines of the FeD-
eRa, the Federa?on of Bio-medical research communi?es. (hips://www.co-
reon.org/wp-content/uploads/2020/04/coreon-codegoedgebruik-versie-
4juli2015.pdf). All surgically resected specimen were obtained from female 
breast cancer pa?ents. 
 
Method details 
Cell culture 
The human breast adenocarcinoma cell lines MCF-7, CAMA-1, T47D, MDA-
MB-361, BT474, HCC1806, HCC1143, MDA-MB-231, BT-549, and Hs578T 
were grown in RPMI 1640 (Gibco, Fisher Scien?fic, Landsmeer, The Nether-
lands) supplemented with 10% fetal bovine serum (FBS), 25 U/mL penicillin, 
and 25 µg/mL streptomycin (PAN Biotech) in a humidified incubator with 5% 
CO2 at 37 °C. 
 
Condi]onal KO procedure 
Inducible Cas9 expression was generated by len?viral transduc?on with Len-
?viral Edit-R inducible Cas9 plasmid (Dharmacon) in MCF-7 cells. Single-cell 
selec?on was performed using 2 μg/ml blas?cidin. Inducible MCF-7-Cas9 
cells were then transduced with a non-targe?ng sgRNA and two sgRNAs tar-
ge?ng GRHL2 to generate inducible GRHL2 knockout cells. (Sanger Arrayed 
Whole Genome Len?viral CRISPR Library (Sigma–Aldrich); sgGRHL2/1 (KO-1): 

https://www.coreon.org/wp-content/uploads/2020/04/coreon-codegoedgebruik-versie-4juli2015.pdf
https://www.coreon.org/wp-content/uploads/2020/04/coreon-codegoedgebruik-versie-4juli2015.pdf
https://www.coreon.org/wp-content/uploads/2020/04/coreon-codegoedgebruik-versie-4juli2015.pdf
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CCTCGAGACAAGAGGCTGCTGTC, sgGRHL2/2 (KO-2): AAATTTCGGAG-
TGCTTCAGTTGG). Bulk selec?on was performed using 8 μg/ml puromycin for 
72hrs and induc?on of GRHL2 KO by doxycycline treatment was verified. 
 
ChIP-seq, mo]f analysis, and Bru-seq 
The visualiza?on of GRHL2 binding along the NT5E gene was obtained using 
the UCSC Genome Browser. ChiP-seq data suppor?ng the results of this ar?-
cle is available at the UCSC Genome Browser [hips://ge-
nome.ucsc.edu/s/hwuRadboudumc/ZWang]. Two different binding profiles 
of GRHL2 were retrieved from the JASPAR database (hips://jaspar.gene-
reg.net/). A mo?f discovery analysis was performed on the NT5E GRHL2 ChIP-
seq peaks using the MEME-ChIP tool60 from the MEME Suite 5.5.3 with de-
fault sevngs.  The FIMO tool43 was used to scan the NT5E gene for occur-
rences of the AACC[A/C/G]GTT conserved GRHL2 mo?f.60 
Bru-seq data suppor?ng the results of this ar?cle is available at Gene Expres-
sion Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (Accession No. 
GSE222353). 
 
RNA analysis in cell lines and clinical samples 
GRHL2 and NT5E gene expression was analyzed using RNA sequencing data 
from a panel of 52 human breast adenocarcinoma cell lines represen?ng lu-
minal, basal A, and basal B subtypes (hips://zenodo.org/rec-
ord/4560297/export/xm#.YVXHC5pBxQA). Log2 normalized gene expression 
values were used for further analyzing. Violin plots were made by GraphPad. 
Co-expression analysis in clinical samples was performed using cBioPortal 
(hips://www.cbioportal.org/) database. The mRNA expression data of 
breast cancer pa?ents were retrieved from the METABRIC data set,61,62 con-
sis?ng of 1904 targeted sequenced tumor samples and visualized in cBioPor-
tal. Co-expression z-scores (Pearson and Spearman values) were calculated 
on the cBioPortal website. 
 
IHC on samples of human breast cancer ]ssue and cell lines 
Formalin-fixed paraffin-embedded (FFPE) primary metaplas?c tumors (n=10) 
and primary tumors with high (n=10) or low (n=10) GRHL2 RNA levels were 

https://jaspar.genereg.net/
https://jaspar.genereg.net/
https://zenodo.org/record/4560297/export/xm#.YVXHC5pBxQA
https://zenodo.org/record/4560297/export/xm#.YVXHC5pBxQA
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collected from breast cancer pa?ents who entered the Erasmus University 
Medical Center (Roierdam, The Netherlands) for local treatment of their pri-
mary disease between 1985 and 2005. Sec?ons of 4 μm were cut, pasted on 
starfrost® adhesive slides, and dried overnight at 37°C. Slides were dewaxed 
with Xylene solu?on and hydrated with decreasing alcohol percentages 
(100%, 95%, 75% and 50%). An?gen retrieval was done using Target Retrieval 
Solu?on, Citrate pH6 (Dako Agilent, S236984-2) or Target Retrieval buffer, 
pH6 (S1699; for GRHL2) or pH9 (2367; for CD73 and CD8) for 20 min at 95°C 
followed by 20 minutes at room temperature. Subsequently, slides were im-
mersed in 3% hydrogen peroxide/PBS for 10 minutes to block endogenous 
peroxidase ac?vity. To block non-specific binding sites, a Protein Block, Se-
rum-free solu?on (Dako Agilent, X090930-02) was used for 30 minutes. Then, 
slides were incubated for 1 hour with, 1:1250 mouse-an?-human GRHL2 an-
?body (Clone CL3760; Cat.nr AMAb91226; Atlas/Sigma), 1:400 mouse-an?-
human 5’-Nucleo?dase/ CD73 (Clone 4G6E3; Cat.nr. NBP2-37271, Novusbio), 
or 1:200 mouse-an?-human CD8 an?bodies (Clone C8/144B; Cat.nr M7103; 
Dako Agilent), all diluted with An?body Diluent (S302283-2, Dako Agilent). 
Nega?ve controls were made by replacing the primary an?body with mouse 
immunoglobulin at iden?cal dilu?on. Detec?on and visualiza?on of the an?-
bodies was done with EnVision+ Single reagent HRP, Mouse (Dako Agilent, 
K4001) and Liquid DAB+, 2-component system (Dako Agilent, K346811-2). 
Slides were counterstained with hematoxylin and dehydrated through 
graded alcohol and xylene and cover slides were mounted with Pertex. Re-
sults of posi?ve control ?ssues of liver, skin, and intes?ne were compared 
with results in human protein atlas for the an?bodies used. Results were 
comparable. Images were made using Nikon ECLIPSE E4000. GRHL2 was 
scored for absence or presence of nuclear staining in breast tumor cells. CD73 
was scored for nega?ve or weak staining (0), weak or par?al membrane stain-
ing (0.5), or clear posi?ve membrane staining (1) in breast tumor cells. CD8 
was scored for the % of CD8 posi?ve cells in the tumor area. 
 
Immunofluorescence 
Cells were fixed and permeabilized by incuba?on with 4% formaldehyde and 
0.1% Triton X100 in Phosphate-buffered saline (PBS) for 15 mins, followed by 
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a blocking step with 0.5% w/v bovine serum albumin (BSA, Sigma Aldrich) in 
(PBS) for 30 mins. Then, cells were incubated with the GRHL2 primary an?-
body (1:500, Atlas-An?bodies, hpa004820) in 0.5% w/v BSA in PBS overnight 
at 4°C. The cells were washed three ?mes in PBS supplemented with 0.5% 
BSA (BSA-PBS) and subsequently stained with AlexaFluor-488 conjugated 
an?-rabbit secondary an?body (1:1000, Mol Probes, A11008) and Hoechst 
33258 (1:10,000, Sigma Aldrich, 861405) for 1 h at room temperature, fol-
lowed by three ?mes washing steps with 0.5% BSA-PBS. Cell prepara?ons 
were imaged using a Nikon ECLIPSE Ti2 confocal microscope. 
 
Western blofng and flow cytometry 
Cells were lysed for total protein isola?on and protein samples (20 µg/lane) 
were run on sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE). The gels were transferred onto a polyvinylidene difluoride 
(PVDF) membrane (Millipore) followed by blocking with 5% BSA in Tris-buff-
ered saline (TBS), with 0.05% Tween-20 (TBS-T). Membranes were incubated 
with GRHL2 (Atlas-An?bodies, hpa004820), cas9 (Cell Signaling, 14697S), 
CD73 (Abcam, ab202122), and α-tubulin (Sigma Aldrich, T-9026) an?bodies 
at 4 °C, overnight. Horseradish peroxidase-conjugated secondary an?bodies 
(Jackson Immunoresearch, an?-rabbit 111-035-003, an?-mouse 115-035-
003) and Alexa-647-linked an?-mouse (Jackson Immunoresearch, 115-605-
146) were used at room temperature, 1h. Primary and secondary an?bodies 
were prepared in 1% BSA in TBS-T.  Signals were detected with an Amersham 
Imager 600 (GE Healthcare Life Sciences, Eindhoven, The Netherlands) using 
Cy5 fluorescence and ECL (Prime) Western Blovng Detec?on Reagent (GE 
Healthcare Life Sciences). Band intensi?es were quan?fied with Image J. 
For flowcytometry, cells were detached with 0.02% EDTA. Surface expression 
levels were determined using CD73 (Clone 4G6E3; Cat.nr. NBP2-37271, 
Novusbio), CD8 (Clone SK1; Cat.nr 344702; Biolegend), or isotype control pri-
mary an?bodies, followed by fluorescence-conjugated secondary an?bodies. 
For analysis of T cells the CD8 staining was combined with a live/dead stain 
(fixable viability dye, Invitrogen). Samples were measured on a CytoFLEX S 
(Beckman Coulter) and analyzed using FlowJo (version 10). 
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qRT-PCR 
Total RNA was extracted using Trizol (TRI reagent, AM9738, Invitrogen). cDNA 
was synthesized using the RevertAid H minus first-strand cDNA synthesis kit 
(Thermo Fisher Scien?fic) according to the manufacturer’s protocol. Gene ex-
pression was normalized to the Ac?n gene and further analyzed with the 
2−ΔΔCt method. 
 
Malachite Green Assay 
GRHL2 KO was induced in MCF-7 Ctrl, KO-1, KO-2 cells with 1 μg/ml doxycy-
cline for 7 days. On day 7, MCF-7 cells together with Hs578T and MDA-MB-
231 were seeded as 25.000 cells per well in triplicate in a 96-well plate. Cell 
media was discarded 24h later and the cells were washed with phosphate-
free buffer (2 mM MgCl2,1 mM KCl,10 mM glucose, 125 mM NaCl, 10 mM 
Hepes pH 7.2, diluted in ddH2O). Then, cells were treated with a CD73 inhib-
itor Adenosine 5'-(α,β-methylene) diphosphate (APCP) (25μM final concen-
tra?on; Sigma Aldrich) for 15 mins at 37 °C. Adenosine monophosphate 
(AMP; 100 μM final; Sigma Aldrich) was added and incubated for 110 mins at 
37 °C. Only phosphate-free buffer was added to the wells indicated as the 
control condi?on. Inorganic phosphate produc?on in the cell supernatants 
was measured using the malachite green phosphate detec?on kit (R&D Sys-
tems) following the manufacturer’s instruc?ons. 
 
Trans-well T cell migra]on assay and flow cytometry 
MCF-7 Ctrl, KO-1, and KO-2 cells were seeded in 24-well plates (20,000 cells 
per well) a_er 5 days of doxycycline treatment (1 μg/ml). Human peripheral 
blood mononuclear cells (PBMCs) were isolated from peripheral blood from 
healthy volunteers by Histopaque®-1077 (10771, Sigma-Aldrich) density gra-
dient centrifuga?on and enriched for CD8+ T cells with the CD8+ T Cell Isola-
?on Kit (130-096-495, Miltenyi Biotec) according to manufacturer’s instruc-
?ons. Enriched CD8+ T cells were stained with Cell Tracker™ Green CMFDA 
Dye (1uM) (C2925, Invitrogen) for 45 min and added (200,000 cells per 
transwell) on top of the filter membrane of the transwell insert (6.5 mm 
Transwell with 3.0 μm pore, Corning). The cancer cells and CD8+T cells were 
cultured with RPMI 1640, supplemented with 10% human plasma isolated 
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freshly from the healthy blood donors, 25 U/ml penicillin, 25 μg/mL Strepto-
mycin at 37 °C in a humidified 5% CO2 incubator. A_er 48 hours, filters were 
discarded and 20 fluorescence (488nm) and phase-contrast images per well 
were taken with 20x magnitude imaging using ZOE™ Fluorescent Cell Imager.  
The supernatant from the lower chamber was also collected to quan?fy mi-
grated T cells by using a hemocytometer a_er Trypan blue staining (1450021, 
Biorad). 
 
Quan]fica]on and Sta]s]cal analyses 
Data were represented as the mean ± standard devia?on (SD) or means ± 
standard error of the mean (SEM) of at least two independent experiments. 
Two-way analysis of variance (ANOVA) with Bonferroni’s mul?ple comparison 
test was performed unless otherwise stated. Non-parametric t-test with un-
equal variance was employed to determine sta?s?cal significance of the dif-
ference between groups in IHC experiments. Sta?s?cal data were obtained 
using GraphPad Prism 8 (GraphPad So_ware, La Jolla, CA, USA). ns, not sig-
nificant; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 and ∗∗∗∗P < 0.0001. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



GRHL2 suppression of NT5E/CD73 in breast cancer cells 
 

 203 

Supplementary Figures 
 

 
 

Figure S1: GRHL2 and CD73 protein expression in breast cancer cell lines (re-
lated to Figure 2).  
GRHL2 and CD73 IHC results for a luminal cell line, showing nuclear GRHL2 ex-
pression (BT483) versus a basal B cell line lacking GRHL2 (Hs578T). 

 

 
 

Figure S2: IHC for GRHL2, CD73, and CD8 in breast cancer lesions (related to 
Figure 5C, D).  
Representative IHC images for GRHL2, CD73, and CD8 in breast cancer tissues. 
Arrows indicate infiltrated CD8 T cells in tumor 4. 

Tu
m

or
 #

3
Tu

m
or

 #
4

GRHL2 CD73 CD8



Chapter 6 
 

  204 

 

 
 

Figure S3: Flow cytometry analysis of CD8 T cells in trans-well assay (related to 
Figure 5E). 
CD8 surface expression determined by flow cytometry for PBMCs (left), purified 
CD8 T cells that were added to the upper compartment of trans-wells (middle), 
and for the T cells migrated to the bottom compartment in presence of CXCL12 
(right). 

 

 
 

Figure S4: CD8 T cell recruitment in presence of control or GRHL2 KO MCF-7 
cells (related to Figure 5G). 
Quantification of CD8+ T cells recruited towards the lower compartment of 
trans-wells seeded with control or GRHL2 KO-2 MCF-7 cells (8 days 1ug/ml 
doxycycline treatment) in absence or presence of 100 ng/ml CXCL12 and 200uM 

PBMC MACS sorted Migrated cells

İnput Output

0

5

10

15

CD
8+

 T
ce

ll 
m

ig
ra

tio
n

(R
el

at
iv

e 
to

 T
 c

el
ls 

on
ly

) Ctrl
KO-2

CXCL12 (100ng/ml)

APCP (200uM)

    +          +          +          +
     -          +          -           +



GRHL2 suppression of NT5E/CD73 in breast cancer cells 
 

 205 

APCP CD73 inhibitor. Data normalized to the T cells only condition. One experi-
ment is shown. 

 
 


