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Introduction
From investigating pathways underlying cellular pathologies 
to the development of novel therapeutics, a significant 
bottleneck in the research pipeline is the ability to screen 
vast libraries of gene and proteins for potential candidates. 
The need to validate targets through experimental replicates 
places a burden on the investigator to generate a wealth of 
data in the most reproducible and efficient manner possible.  
One solution to this problem is the use of high-content 
screening (HCS) or high-content analysis (HCA) platform, 
where large numbers of cells are examined using automated 
workflow and mathematical algorithms to identify and 
collect imaging-based data in an unbiased manner.

At the forefront of this approach is the Thermo Scientific™  
CellInsight™ CX7 HCS Platform.  This platform combines 
confocal, widefield and brightfield imaging modes into one 
system along with advanced algorithms to allow for deep 
interrogation of single cells. The CellInsight™ CX7 platform 
can image cells across multiple preparations, from fixed 
samples to live cells to complex structures such as organoids. 
This allows scientists across a wide range of life science 
disciplines to rapidly and precisely image thousands of cells 
in a fraction of the time of using conventional microscopy, 
without any reduction in the depth of data obtained.

In this article collection, we present examples of how 
high-content screening and analysis can be applied 
to various research areas, from understanding brain 
development to the discovery of novel targets for 
advanced cancer therapeutics.  In each article, high 
content screening was crucial to the advances made. 

In our first article, Pirozzi et al (2021), describes the novel 
discovery of a new genetic variant of CCDN2 linked in 
three unrelated families that results in abnormal brain 
growth and development. They utilized the CellInsight™ 
CX7 HCS platform to conduct high-content imaging of 
tens of thousands of cells from patient fibroblast lines for 
markers of proliferation and mTOR hyperactivation.  They 
found that the novel variant, which impacted the proximal 
region of the gene, did not cause the same morphological 
and functional changes as the distal region gene variant. 
These findings stand to expand the role of the CCDN2 gene 
in the axis of the pathways underlying brain growth. 

Next, Izmirly et al (2022) examined the impact of SARS-
CoV-2 vaccination on the disease status of patients with 
pre-existing systemic lupus erythematosus (SLE) infection. 

High-content screening of a microneutralization assay 
for SARS-CoV-2 was utilized to find that SLE patients 
displayed a significantly decreased antibody response 
to vaccination compared to controls. These results 
indicate that specific vaccination protocols for patients on 
immunosuppressive regimes may need to be developed.

Our third article is Du et al (2018), in which the role of DNA 
damage-inducible transcript 4 (DDIT4) in the pathology 
of gastric cancer was investigated.  It was determined that 
DDIT4 is upregulated in gastric cancer cell lines, indicating 
it could be a druggable target for intervention. It was 
previously reported that DDIT4 regulates mTOR activity, 
a pathway commonly impacted in cancer. Through high 
content screening methods, they found that in the presence 
of the common anticancer drug 5-fluorouracil (which targets 
the mTOR pathway), downregulation of DDIT4 reduced cell 
growth in gastric cancer cell lines indicating this gene can 
contribute to the sensitivity of gastric cancer to therapeutics. 

Lastly, Zecchin et al (2020) performed a whole-genome 
screen for novel therapeutic targets for triple-negative 
breast cancer (TNBC). To do so, they infected cancer 
cells with a screening library of shRNA to identify gene 
candidates. This identified 96 candidate genes for which 
CRISPR-Cas9 KO cell lines were generated, utilizing the 
high-content imaging capabilities of the platform to measure 
phosphor-S6 levels by fluorescence imaging. This screen 
identified genes encoding beta and gamma subunits of 
GPCRs and EGFR (a receptor tyrosine kinase) as part of the 
pathway underlying resistance to PI3K inhibitor treatment 
of TNBC. Identifying receptor pathways such as this can 
lead to new combinatorial treatments for breast cancer.

This article collection provides just a sample of the 
capabilities and research results that the CellInsight™ CX7 
High-Content Screening Platform can produce.  We hope 
that this article collection prompts you to consider how HCS 
can empower your biological research or drug development 
pipeline.  For more information and testimonials regarding 
the platform, we encourage you to visit the CX7 High-Content 
Screening Platforms on the Thermofisher.com website.

By Jeremy Petravicz, PhD, Editor,  
Current Protocols
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Abstract

Cyclin D2 (CCND2) is a critical cell cycle regulator and key member of the cyclin

D2-CDK4 (DC) complex. De novo variants of CCND2 clustering in the distal part of

the protein have been identified as pathogenic causes of brain overgrowth (mega-

lencephaly, MEG) and severe cortical malformations in children including the

megalencephaly-polymicrogyria-polydactyly-hydrocephalus (MPPH) syndrome.

Megalencephaly-associated CCND2 variants are localized to the terminal exon and

result in accumulation of degradation-resistant protein. We identified five individuals

from three unrelated families with novel variants in the proximal region of CCND2

associated with microcephaly, mildly simplified cortical gyral pattern, symmetric short

stature, and mild developmental delay. Identified variants include de novo frameshift

variants and a dominantly inherited stop-gain variant segregating with the phenotype.

This is the first reported association between proximal CCND2 variants and micro-

cephaly, to our knowledge. This series expands the phenotypic spectrum of CCND2-

related disorders and suggests that distinct classes of CCND2 variants are associated

with reciprocal effects on human brain growth (microcephaly and megalencephaly
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due to possible loss or gain of protein function, respectively), adding to the growing

paradigm of inverse phenotypes due to dysregulation of key brain growth genes.

K E YWORD S

cyclin D2, inverse phenotypes, megalencephaly, megalencephaly-polymicrogyria-polydactyly-
hydrocephalus syndrome (MPPH syndrome), microcephaly

1 | INTRODUCTION

Overgrowth syndromes are disorders characterized by cellular hyper-

plasia and/or hypertrophy, which may involve one or more of the

three embryonic tissue layers (endoderm, ectoderm, or mesoderm)

and present clinically with generalized or segmental overgrowth of

the brain or the body (Burkardt et al., 2019; Tatton-Brown &

Weksberg, 2013). Undergrowth syndromes or syndromes of growth

restriction, on the other hand, are groups of disorders characterized

by tissue hypoplasia and growth restriction. Collectively, these

syndromes may manifest with localized or generalized growth abnor-

malities and display considerable heterogeneity in onset, tissue

involvement and distribution among other features (Grissom &

Reyes, 2013).

The Cyclin D2 Cyclin-dependent kinases 4 (CDK4) family of

genes regulates the cell cycle by modulating the G1-to-S phase transi-

tion, critical for cell proliferation and development (Jeong et al., 2016).

Posttranslational modification by phosphorylation of CCND2, down-

stream of the phosphatidylinositol 3-kinase (PI3K)/ AK murine

Thymoma (AKT)/mammalian target of the rapamycin (MTOR)

F IGURE 1 CCND2 gene diagram and
role in cell signaling. (a) A schematic
representation of the PI3K-AKT-MTOR
pathway and its' interaction with the
CCND2 protein. Proteins outlined in
magenta are the ones with known gain of
function and loss of function mutations
leading to opposite phenotypes (PTEN,
AKT3, MYCN, CCND2). Created with
BioRender.com. (b) Scheme of the human
CCND2 gene (Homo sapiens chromosome
12, GRCh38.p12 CCND2: NC_000012.12
mRNA NM_001759.4 protein
NP_001750.1). Blue rectangles represent
exons (1–5), while magenta lines
represent introns. Exon, coding and intron
base pairs length (bp) is shown in the
relative colors. Above the gene scheme,
putative CCND2 loss of function (LOF, in
black) reported here, and previously
published gain of function (GOF, in blue)
mutations are reported
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signaling pathway inhibits its binding to the transcription factor E2F,

allowing the cell to exit the G1 phase of the cell cycle (Becker

et al., 2010; Bouchard et al., 1999; Sicinski et al., 1996). A schematic

representation of the PI3K-AKT-MTOR pathway and CCND2 interac-

tion is provided in Figure 1a. Cyclin D2 has well-studied roles in brain

development and is expressed in dividing cells derived from neuronal

precursors in the adult hippocampus (Ross et al., 1996). Hyper-

activation of CCND2 has been linked to hematologic malignancies

and increased proliferation in human cancer cell lines (Hung

et al., 2018; Murai et al., 2001). Further, genetic variants of CCND2

(MIM #123833), as well as two other key PI3K-AKT-MTOR pathway

genes, namely AKT3 and PIK3R2, have been identified as pathogenic

causes of the megalencephaly-polymicrogyria-polydactyly-hydroceph-

alus (MPPH) syndrome (Hiraiwa et al., 2021; G. Mirzaa et al., 2014).

MPPH is a rare megalencephaly (MEG) syndrome characterized by

congenital or early postnatal brain overgrowth and cortical mal-

formations, most commonly polymicrogyria (PMG). MPPH is also

associated with variable degree of ventriculomegaly, with 40–50% of

affected individuals progressing to hydrocephalus and necessitating

surgical intervention (G. Mirzaa et al., 1993). Most affected children

have mild to severe intellectual disability and oromotor dysfunction,

including expressive language or speech delays, difficulties handling

oral secretions, and dysphagia; with seizures reported in at least 50%

of individuals. CCND2-related MPPH is characterized by severe and

widespread polymicrogyria, typically bilateral perisylvian PMG (BPP)

extending to the frontal and/or occipital lobes and correlating with

increased severity of epilepsy and intellectual disability (G. Mirzaa

et al., 2014). An additional report of a child with the MPPH phenotype

in association with the CCND2 variant, p.Thr280Ile, further expanded

the phenotypic spectrum as this individual had additional brain abnor-

malities including hippocampal hypoplasia with malrotation, diffuse

hypomyelination, and abnormalities of the midbrain and cerebellum

(Cappuccio et al., 2019).

While overexpression and hyperactivation of CCND2 have been

identified in humans and mice, the effects of CCND2 deficiency or

loss of function have not been studied in humans. In mice, Ccnd2

knock-out leads to lack of cerebellar stellate interneurons (Garthe

et al., 2014; Glickstein et al., 2007) and striking microcephaly (Huard

et al., 1999). CCND2 haploinsufficiency due to 12p13.32 contiguous

microdeletion syndromes has been reported in individuals with micro-

cephaly, although the critical region for this microdeletion also encom-

passes other key genes (Firth et al., 2009; Leyser et al., 2016). In this

study, we describe three novel proximal variants in CCND2 in five

individuals from three unrelated families presenting with microceph-

aly, symmetric short stature, hypotonia and developmental delays.

This series suggest that frameshift and stop-gain variants in the proxi-

mal portion of CCND2 are linked to human microcephaly and adds

CCND2 to the growing list of genes associated with reciprocal brain

growth dysregulation. All microcephaly- and megalencephaly (includ-

ing MPPH)-associated variants in CCND2 identified to date are sche-

matically shown in Figure 1b. Examples of reciprocal gain and loss of

protein function resulting in inverse phenotypes are seen in a multi-

tude of abnormal growth syndromes, including mutations in other

genes involved in cell growth and cell cycle regulation such as AKT3,

PTEN, NSD1, and MYCN. These inverse brain growth phenotypes due

to reciprocal gene defects are summarized in Table 1 and discussed in

depth in the literature review we provide here.

2 | METHODS

2.1 | Human subjects and cell lines

Families were identified through our clinical and research programs,

personal communication, as well as the MatchMaker Exchange (MME)

including GeneMatcher (http://www.genematcher.org) (Sobreira

et al., 2015). Informed consent for publication and analysis of photos,

imaging and clinical data was obtained from the patients' legal guard-

ians under an IRB approved protocol at Seattle Children's Hospital

(IRB#13291). Brain magnetic resonance imaging (MRI) studies were

performed on three individuals (LR19-002, LR20-198a1, and

LR20-198a2) and reviewed by the investigators. Fibroblast cell lines

were established from one of the patients (LR19-392) with the

c.305delG, p.G102Vfs*17 variant (referred to as LR19-392-MIC

throughout the manuscript), and compared to a MEG/MPPH fibro-

blast cell line from a previously published patient (LR07-041) with the

CCND2, c.839C>A, p.T280N variant (referred to as LR07-041-MEG

hereon) (G. Mirzaa et al., 2014), as well as fibroblasts obtained from a

healthy unrelated control (UW402-4-CTRL).

2.2 | Western blot analysis

Fibroblast cell lines (LR19-392-MIC, LR07-041-MEG, and UW402-

4-CTRL) were expanded to six confluent T-75 flasks each before pro-

tein extraction. Cell culture flasks were placed on ice and washed

once with 10 mL ice cold TBS. Flasks were then incubated on ice for

5 min with 500 μl cold RIPA buffer (Thermo Scientific, 89900) con-

taining phosphatase and protease inhibitors (Thermo Scientific,

78,430, P5726, and P2850), cells were scraped and collected in 15 mL

conical tubes and agitated for 30 minutes at 4C before being cen-

trifuged at 14,000g for 15 min. The resulting supernatant was

aliquoted into 0.2 mL tubes, snap frozen with liquid N2, and stored at

�80�C. Protein concentrations were assessed via the standard

Bicinchoninic Acid (BCA) Assay (Thermofisher, 23227). Equal amounts

of protein extracts (10 and 20 μg) were heated to 95�C for 5 mins

with NuPAGE® LDS Sample Buffer (4�) (Thermofisher, NP0007) and

run on NuPAGE® Novex® 4–12% Bis-Tris gels (Thermofisher,

NP0326BOX), together with a protein ladder (Pageruler prestained

protein ladder, Thermofisher, 26617). Proteins were transferred to

nitrocellulose membranes (Thermofisher, 77010). Due to low expres-

sion of CCND2 in human fibroblasts, we used 40 μg of protein

extracts for its detection via Western Blot analysis. Membranes were

blocked at room temperature for 1 h in blocking solution (3% BSA and

10% Donkey Serum in TBS with 0.1% Tween-20). For the CCND2

antibody, the blocking buffer contained 5% nonfat milk in addition to

PIROZZI ET AL.
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3% BSA and 10% Donkey Serum to improve specificity. Membranes

were incubated with primary antibody diluted in blocking solution

overnight at 4C on an orbital shaker. Primary antibodies were diluted

as follows: 1:200 for CCND2 (D52F9, Cell Signaling), 1:2500 for pAKT

(Cell signaling, C31E5E), 1:2500 for pan-AKT (Cell Signaling, C67E7),

1:1000 for pS6 (Cell Signaling, 2215), and 1:5000 for β-actin (Abcam,

ab8226). Membranes were washed three times for 15 min at room

temperature in TBS-Tween 0.1% then incubated with secondary

antibody in blocking solution for 1 h at RT. The secondary anti-

bodies Donkey Anti-Mouse IgG H&L HRP (Abcam, ab205724) or

Donkey Anti-Rabbit IgG H&L HRP (Abcam, ab97064) were used at

1:10,000 in blocking solution. After three washes at room tempera-

ture with TBS-Tween 0.1%, protein signal was detected with

Pierce™ ECL Western Blotting Substrate (Thermo Scientific,

32109) and visualized using a ChemiDoc-It®2810 Imager (Ultra-

Violet Products Ltd., Cambridge, UK). If necessary, membranes

were stripped and re-probed, probing the antibody for the protein

with the weakest signal first, following standard protocols. Six inde-

pendent experiments were performed for each antibody and

images were analyzed, quantified, and normalized against B-Actin

using ImageJ24. Statistical analysis and graphs were generated

using GraphPad Prism version 9.0.2.

2.3 | High-content imaging

Fibroblast cell lines LR19-392 MIC, LR07-041 MEG, and

UW402-CTRL were passaged in an optical 96 well plate coated

with 0.1% porcine gelatin and cultured for 48 hours before fixing

with cold 4% PFA in TBS (20 min at room temperature). Four wells

per cell line were used for immunostaining. Cells were washed

twice with cold TBS and permeabilized with TBS-Tween 0.1% for

5 min at room temperature. Immunostaining was performed using

standard protocols. Briefly, cells were incubated for 1 hour at room

temperature with blocking buffer (TBS-Tween 0.1% with 10% Don-

key serum) and then incubated overnight with primary antibodies

at 4C. Primary antibodies were diluted as follows: mouse anti-Ki-67

1:300 (Cell Signaling, 9449S) and rabbit anti-pS6 1:100 (Cell Signal-

ing, 2215S). The following day, cells were washed three times with

TBS-Tween 0.1% for 15 min and incubated with secondary anti-

bodies diluted in blocking buffer for 1 h at room temperature. Sec-

ondary antibodies Donkey Anti-mouse Alexa 594 (Abcam,

ab150112) and Donkey Anti-Rabbit Alexa 488 (Abcam, ab150065)

and were used at 1:1000 dilution. Cells were washed three times in

TBS-Tween 0.1%, followed by one wash in TBS, and stored in

Glycerol-TBS (70:30) for acquisition and long-term storage. Image

acquisition was performed using the CellInsight CX7 LZR system

(Thermofisher). Fifteen fields for each of the 4 replicate wells per

cell lines were acquired at 10� and 20� magnification. Images

(10� magnification) were analyzed and quantified with a custom

algorithm using the HCS Studio software. Statistical analysis was

performed using GraphPad Prism version 9.0.2. and specific tests

used are described in figure legends.T
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3 | RESULTS

3.1 | Clinical reports

Clinical and genetics features for all patients are summarized in

Table 2.

3.1.1 | Patient LR19-002

This 7-month-old boy was referred to the genetics clinic for micro-

cephaly, intrauterine growth restriction (IUGR), hypotonia, and mild

motor delays. He was the first child of non-consanguineous parents of

Armenian descent, a 30-year-old G1P1 mother and 30-year-old father

and conceived by intrauterine insemination. Pregnancy was compli-

cated by suspected preeclampsia and vaginal bleeding. No teratogenic

exposures were reported. Family anamnesis was unremarkable with

no history of microcephaly, delayed growth, or development. At 32–

33 weeks of gestation, IUGR and placental insufficiency were

reported. The boy was delivered at 35 + 5 weeks of gestation by a

scheduled caesarian section. Birth weight was 1870 grams (2nd

centile, �2.05 SD), length 42.5 cm (3rd centile, �1.8 SD) and

occipitofrontal circumference (OFC) 30.5 cm (3–10th centile, � 1-2

SD). OFC measured again at 36 weeks was 29.9 cm (1–2nd centile,

�2.25 SD). The child was also diagnosed with gastroesophageal reflux

and allergic colitis. At age 7 months, he was sitting up without assis-

tance, had begun rolling in both directions, grabbed objects with both

hands and was beginning to vocalize sounds. OFC was 40.2 cm (<1st

centile, � 3.1 SD), weight was 6.1 kg (<1st centile, �2.6 SD), and

length was 64.5 cm (5th centile, �1.6 SD). His body habitus was pro-

portionately small with symmetric limbs, clinically apparent micro-

cephaly with mild right occipital flattening but otherwise normal skull

shape and no other notable dysmorphic features.

Brain magnetic resonance imaging (MRI) without contrast per-

formed at age 6 months revealed apparent microcephaly with a dif-

fusely simplified gyral pattern (Figure 2a–c). An echocardiogram

performed at age 4 months revealed a small patent foramen ovale ver-

sus secundum atrial septal defect with left to right shunting.

Chromosomal microarray analysis was normal. Trio exome se-

quencing on buccal samples identified a heterozygous de novo vari-

ant in CCND2 (NM_001759.4:c.416_419dupGGGA, p.L141GfsX19)

(Figure 1b). This frameshift variant causes a premature stop codon at

position 19 of the new reading frame and is predicted to cause a loss

of normal protein function either through protein truncation or

nonsense-mediated mRNA decay. This novel variant has not been

observed in over 60,000 apparently normal individuals (Lek

et al., 2016) (Table 3). Other reported findings unrelated to the

patient's phenotype include a heterozygous paternally-inherited var-

iant of uncertain significance (VUS) in GBA (NM_000157.4:

c.882T>G, p.H294Q), and a maternally inherited hemizygous VUS in

TENM1 (NM_001163278.1:c.679 C>A, p.P227T) a gene not cur-

rently known to be associated with microcephaly or other human

Mendelian disorders, but has been reported as possibly associated

with cerebral palsy (McMichael et al., 2015), autism spectrum disor-

der (Yuen et al., 2015), schizophrenia (Gulsuner et al., 2013), and

congenital general anosmia (Alkelai et al., 2016).

3.1.2 | Patient LR19-392

This 12-year-old girl presented with a history of IUGR, microcephaly, del-

ayed language skills, mild attention deficit hyperactivity disorder (ADHD),

and short stature. She was the second child born to non-consanguineous

parents. Family history was unremarkable with no microcephaly, growth,

or developmental delay. Pregnancy was uneventful until the end of the

second trimester when IUGR was identified. Amniocentesis revealed a

normal female karyotype (46,XX). She was delivered at 39 weeks of ges-

tation by scheduled cesarean section due to IUGR. Her birth weight was

2320 grams (3rd centile, � 1.8 SD), length was 46 cm (3–10th centile,

�1.5 SD), and OFC was 32 cm (2nd centile, �2 SD). At age 2 years and

10 months, her weight was 9.8 kg (<1st centile, �2.8 SD), length was

89 cm (18th centile, �0.93 SD), and OFC was 43.6 cm (<1st centile,

�3.1 SD). Bone age was delayed by 6 months but normalized at later

follow-up. Evaluation of growth hormone response to GHRH plus argi-

nine at 8 years of age was normal.

Her motor developmental milestones were within the normal range.

She sat without assistance at age 6–7 months and walked unsupported

at age13 months. Her language skills were delayed. She had mild atten-

tion deficit hyperactivity disorder (ADHD) and attended a special educa-

tion program at school. Vision assessment revealed mild myopia. At her

last evaluation at 12 years and 2 months, weight was 25.50 kg (<1st

centile, �2.8 SD), height 140.50 cm (8th centile, �1.42 SD) and OFC

was 48 cm (<1st centile, �4.27 SD). Physical examination revealed mar-

ked microcephaly with relatively large ears, short philtrum, and an incom-

plete right single transverse palmar crease.

Head ultrasound performed at birth did not show any structural

abnormalities. A brain MRI has not been performed due to the pres-

ence of dental braces. An electroencephalogram (EEG) was performed

at 12 years and 5 months and was normal.

Targeted multigene NGS panel testing for microcephaly using the

NimbleGen SeqCap Target Enrichment kit (Roche) by NextSeq550 Plat-

form (Illumina) revealed a heterozygous de novo variant in CCND2

(NM_001759.4:c.305delG). This single base deletion is expected to cause

a premature stop codon, p.G102Vfsx17 (Figure 1b), with the de novo

status confirmed by segregation analysis performed by Sanger sequenc-

ing of both parents. This novel variant was not observed in large popula-

tion cohorts (Table 3). Other microcephaly genes in the panel include

MCPH1, WDR62, CDK5RAP2, CASC5, ASPM, CENPJ, STIL, CEP135,

CEP152, CDK6, ATR, RBBP8, CEP63, NIN, and ATRIP.

3.1.3 | Family LR20-198

This family includes two siblings: a 12-year-old boy (LR20-198a1)

and 6-year-old girl (LR20-198a2) born to their 30-year-old mother

(LR20-198 m). LR20-198a1 presented prenatally with IUGR and
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microcephaly. He was born at 38 + 5 weeks of gestation by emer-

gency cesarean section and had severe perinatal asphyxia (Apgar

scores of 1, 6, and 9 at 1, 5, and 10 min, respectively). Developmen-

tal delay was documented at the age of 3 years. The child attends

special education classes at school and has abnormal behaviors

with frequent temper tantrums and aggression. A brain MRI at the

age of 4 years shows mildly foreshortened frontal lobes and very

subtle simplification of the cortical gyral pattern. Brain MR images

F IGURE 2 Clinical photographs and brain MR images for three individuals with CCND2-associated microcephaly. (a–c) T2-weighted
brain MR images of patient LR19-002 at age 6 months. (a) Midsagittal image showing a mildly thin corpus callosum, with a relatively
preserved cerebellar vermis; (b) axial image showing an overall simplified gyral pattern with foreshortened frontal lobes, normal ventricles

and (c) coronal image showing also an overall simplified gyral pattern. (d–f ) MRI of patient LR20-198a1 at age 4 years showing a mildly
foreshortened frontal lobe and subtle simplified gyrification with no cortical malformations and no other major anomalies. (g and h) frontal
and lateral pictures of individual LR20-198a1. (i–k) MRI of patient LR20-198a2 at age 2 years 5 months showing a normal appearance with
no cortical malformations and no other major anomalies. (l and m) frontal and lateral pictures of patient LR10-198a2

TABLE 3 Analysis of variants pathogenicity and frequency in the population

Gene

Variant

Mutation Taster

Variant frequency

CDS Protein dbSNP gnomAD (Mut/refa) 1000G

CCND2 c.305delG p.G102Vfsx17 Disease causing Not present 0/251466 Not present

CCND2 c.416_419dupGGGA p.L141GfsX19 Disease causing Not present 0/249026 Not present

CCND2 c.544C>T p.Q182X Disease causing Not present 0/248742 Not present

GBA c.882T>G p.H294Q Disease causing Not present 0/279868 Not present

TENM1 c.679C>A p.P227T Disease causing Not present 0/156640 Not present

Notes: Genetic variants found in individuals LR19-002, LR19-392, LR20-198 m, LR20-198a1, and LR20-198a2 are listed with their respective prediction of

pathogenicity (Mutation Taster) and frequency in the population based on data collected in dbSNP, gnomAD, and 1000 Genome project (1000G) (results

as of April 5, 2021).
aFor gnomAD reference allele frequency, data for the closest variant in the database were used to estimate the coverage of the region.
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and clinical photographs are shown in Figure 2d–h. The younger

sister, LR20-198a2, similarly presented with IUGR. Microcephaly

was documented at the age of 12 months. She also had short stat-

ure from the 2nd year of life, with failure to thrive, feeding difficul-

ties and speech delays. At the age of 4 years, she had several

seizure-like episodes and an abnormal EEG pattern, but no anti-

epileptic treatments were initiated. A brain MRI performed at age

2 years and 5 months was normal. Brain MR images and clinical

photographs are shown in Figure 2i–m. The mother of these two

siblings, LR20-198 m, also had microcephaly (OFC 51 cm <1st

centile, � 3.1 SD) and had short stature (height 150 cm, 2nd

centile, �2 SD). She was also identified to have mild intellectual

and learning disabilities. She attended special education classes at

school and did not graduate. Her health history was otherwise

unremarkable.

Exome sequencing performed on LR20-198a1 showed a het-

erozygous CCND2 variant (NM_001759.4:c.544C>T, p.Q182X)

which was not observed in gnomADv2.1.1 or in-house databases.

This nonsense variant is predicted to be deleterious by in silico pre-

diction programs including Combined Annotation Dependent

Depletion (CADD) and Mutation Taster (Kircher et al., 2014;

Schwarz et al., 2014). Through targeted sequencing, this variant

was confirmed in the heterozygous state in both LR20-198a2 and

LR20-198 m but was absent in three unaffected siblings. A chromo-

somal microarray on LR20-198a1 demonstrated an 85 kb intragenic

microduplication affecting exons 20–25 of PIK3C3. This micro-

duplication was present in LR20-198a2 and LR20-198 m but also in

several unaffected relatives and was therefore considered to be

benign.

Table 2 summarizes the clinical features and molecular fea-

tures of the five individuals in this series. We investigated the

potential pathogenicity of the three CCND2 variants, as well as

the TNEM1 variant identified in individual LR19-002 using several

in silico prediction programs. All CCND2 variants were classified

as disease causing and were not present in public databases such

as dbSNP, 1000Genomes and gnomADv2.1.1 (Auton et al., 2015;

Karczewski et al., 2020; Sherry et al., 2001). These results are

summarized in Table 3. In gnomAD, coverage of the regions sur-

rounding the three novel CCND2 variants reported here was good

(gnomADv2.1.1, over 240,000 reference alleles), and seven puta-

tive loss of function (pLoF) variants are listed in the gene. How-

ever, none of them overlap with our variants, six of these are

classified as low confidence (variant annotation or quality dubi-

ous) pLoF calls, with the remaining pLoF variant, p.Glu272Ter,

listed as pathogenic.

3.2 | Western blot analysis of CCND2 mutant
fibroblasts

To identify differences in CCND2 expression levels and compare

them to expression levels of proteins in the PI3K-AKT-MTOR path-

way, including AKT, phosphorylated AKT (pAKT), and phosphorylated

S6 (pS6), we performed western blot experiments using protein

F IGURE 3 Western blot analysis of MIC- and MEG-associated CCND2 cell lines. Six independent experiments were performed using 10, 20,
or 40 μg of protein extracts from fibroblasts cell lines obtained from a wild-type (UW402-4-CTRL), a CCND2 MIC patient (LR19-392-MIC) and a
CCND2 MEG patient (LR07-041-MEG). (a) Representative blots for CCND2 and beta-actin for the three cell lines, with relative molecular weight
shown on the left; due to low expression of CCND2 in fibroblasts, 40 μg of protein extracts was used. (b) Representative blots for PanAKT, pAKT,
pS6, and beta-actin for the three cell lines. Two different protein extract concentrations were loaded (10 and 20 μg), the relative molecular weight
of each detected protein is shown on the left. (c) Quantification of the analyzed proteins as average of the six independent experiments. The box
plot represents the 5–95 centile interval, with the line in the box representing the median value, and the error bars indicating the minimum and
maximum value. A one-way ANOVA (mixed effect analysis) was performed to identify significant differences among the cell lines.
LR07-041-MEG presented increased expression of CCND2, panAKT, pAKT, and pS6 compared to control. LR19-392-MIC showed increased
levels of CCND2 compared to control, but lower than LR07-041. While PanAKT and pAKT were not affected by the increase in CCND2,
LR19-392-MIC presented increased levels of pS6 compared to control, albeit at lower levels than LR07-041-MEG. Ns, nonsignificant;
*p-value < 0.05; **p-value < 0.01. The full range of quantifications is listed in Supplementary Table 1, additional representative western blots are
shown in Supplementary Figure 1
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extracts from control fibroblasts (UW402-4-CTRL), one CCND2 MEG

patient (LR07-041-MEG, p.T280N) and one CCND2 MIC patient

(LR19-392-MIC, p.G102VfsX17). Due to low expression of CCND2 in

primary human fibroblasts, we confirmed the specificity of the

CCND2 antibody band at 31KDa using a mouse cerebellar protein

extract (Supplementary Figure 1A). When compared to the control

human fibroblast cell line, the LR07-041-MEG line had significantly

increased levels of CCND2 (average 1.6-fold change) as well as

increased levels of panAKT (average 1.71-fold change), pAKT

(1.64-fold change) and pS6 (2.41-fold change), as expected

(Figure 3a–c, Supplementary Table 1, Supplementary Figure 1C).

Interestingly, the LR19-392-MIC line also had significantly increased

levels of CCND2 compared to controls (average 1.17-fold change).

The increase in CCND2 correlated with a small increase in pS6 levels

(average 1.16-fold change), but not of panAKT or pAKT (Figure 3a–c,

Supplementary Table 1, Supplementary Figure 1C).

3.3 | High-content imaging of CCND2 mutant
fibroblasts

To assess the morphological and functional differences between

LR19-392-MIC and LR07-041-MEG cell lines, we performed immuno-

staining of key markers for proliferation (Ki-67) and MTOR hyper-

activation (pS6) using high-content imaging performed with the

CellInsight CX7 LZR (Thermofisher). We analyzed 33,218 cells in total

for UW402-4-CTRL line; 36,104 cells for the LR19-392-MIC line; and

12,508 cells for the LR07-041-MEG line, as shown in Figure 4. We

identified a significant increase in the percentage of pS6 positively

staining cells in LR07-041-MEG, but not in LR19-392-MIC cells

(Figure 4). The increase in pS6+ cells was accompanied by a signifi-

cant increase in the percentage of double positive cells (pS6+/Ki-67

+) in LR07-041-MEG. In addition, the intensity (and thus the levels of

expression) of both pS6 and Ki-67 were significantly higher in

F IGURE 4 High-content imaging on fibroblast cell lines with CCND2 MIC and MEG mutations. Fibroblast cell lines from one control
(UW402-4-CTRL), one CCND2 MIC (LR07-041-MIC), and one CCND2 MEG (LR19-392-MEG) patients were plated in an optical 96 well plate
(4 replicates each) and immunostained for proliferation marker Ki-67 and MTOR hyperactivation marker pS6; nuclei were counterstained with
DAPI. Image acquisition and quantification was performed using the high-content imaging platform CellInsight CX7 LZR and the HCS studio
software. (a) Single channel and overlay immunofluorescence images of one representative field per well per cell line are shown (20�
magnification, scale bar 100 μm). For LR07-041-MEG, a hypertrophic fibroblast is indicated by the white arrow. (b) Quantification of the cells

analyzed (4 wells per cell line, 15 fields per well) using the HCS software. Each value represents the average per well per cell line. In each graph
and for each cell line, the thick bar represents the median, and the error bars represent the 95% confidence interval. One-way ANOVA analysis
with multiple comparison was performed using GraphPad Prism software. Ns, nonsignificant; *p-value < 0.05; **p-value < 0.01;
***p-value < 0.0001; ****p-value < 0.00001. LR07-041-MEG shows increase in the percentage of pS6+ and ps6/Ki-67+ cells, with a reduction of
Ki-67+ cells. The same line also presented increased intensity (level of expression) for pS6 and Ki-67, as well as increased cytoplasmic area.
LR19-392-MIC did not show any significant difference when compared to the control. The table below panel B lists the number of cells analyzed
per well per cell line, and the relative total number of cells per cell line

PIROZZI ET AL.

	 16	



LR07-041-MEG but not in LR19-392-MIC (Figure 4). More interest-

ingly, cytoplasmic area assessments via pS6 staining revealed marked

hypertrophy in LR07-041-MEG cells (average area 590.93 pixel2)

compared to controls and to the LR19-392-MIC line (376.18 pixel2 in

UW402-4, and 329.13 pixel2 in LR19-392) (Figure 4b).

3.4 | Literature review of reciprocal brain growth
phenotypes

In light of our findings, we reviewed the literature of inverse brain

phenotypes similar to CCND2 associated with reciprocal functional

effects of genes. A brief overview of these genes, namely AKT3, PTEN,

NSD1, MYCN, EZH2, and MIR17HG, is provided below, and their asso-

ciated phenotypes are summarized in Table 1.

AKT3

AKT3, also known as protein kinase B (PKB), is located on chromo-

some 1q43-44 and encodes a serine/threonine protein kinase

expressed primarily in the brain. AKT3 is one of three closely related

AKT isoforms and is the primary downstream effector of PI3K signal-

ing. PI3K-AKT-mTOR signaling regulates many important cell func-

tions, including protein synthesis, cell proliferation and survival (Diez

et al., 2012; Ersahin et al., 2015; Ling Wang et al., 2017). AKT3 exerts

its regulatory effects through serine and/or threonine phosphoryla-

tion of various downstream substrates, one of which is linked to

influencing cyclin-D2 levels by S9 residue phosphorylation and subse-

quent inactivation of glycogen synthase kinase-3 β (GSK-3β)

(P. Cohen & Frame, 2001; Hermida et al., 2017; Miao et al., 2016;

Ouimet et al., 2019). GSK-3β is a negative regulator of cyclin D1 and

D2 by ubiquitin dependent degradation. The AKT family of proteins

are implicated in a wide range of human diseases including cancer,

diabetes, cardiovascular and neurological disease (Alcantara

et al., 2017; Chung et al., 2014; Conti et al., 2015; Dobyns &

Mirzaa, 2019; Gai et al., 2015; Grabinski et al., 2011; Hers

et al., 2011; Lee et al., 2012; Lopes et al., 2019; Mure et al., 2010;

Poduri et al., 2012; Riviere et al., 2012; D. Wang et al., 2013; Yang

et al., 2005). Gain-of-function variants in AKT3 lead to inactivation of

GSK-3β which in turn results in stabilization and increased levels

of cyclin D2 which has been proposed as the unifying mechanism for

MPPH syndrome (G. Mirzaa et al., 2014). Data from humans and ani-

mal models suggest a gene dosage effect of AKT3 resulting in inverse

phenotypes. Akt3 knockout mice display microcephaly suggesting that

it plays a critical role in determining brain size (Easton et al., 2005;

Yang et al., 2005). Mosaic and constitutional gain-of-function variants

of AKT3 are associated with MPPH syndrome (Lee et al., 2012; Lopes

et al., 2019; Poduri et al., 2012; Riviere et al., 2012), with more than

20 patients reported to date with molecularly confirmed AKT3 related

megalencephaly (Alcantara et al., 2017; Harada et al., 2015; Jamuar

et al., 2014; Nakamura et al., 2014; Negishi et al., 2017; Nellist

et al., 2015; Riviere et al., 2012). A subset of affected individuals is

mosaic for the common p.E17K mutation causing hemime-

galencephaly (Jansen et al., 2015; Lee et al., 2012; Poduri et al., 2012;

Riviere et al., 2012). Duplications of 1q43-q44 encompassing AKT3

have also been reported to cause macrocephaly (Chung et al., 2014;

Hemming et al., 2016; Luo et al., 2018; D. Wang et al., 2013). Hetero-

zygous deletions of 1q43-q44 involving AKT3, on the other hand,

result in postnatal microcephaly and agenesis of the corpus callosum

(Gai et al., 2015; Hemming et al., 2016; Lopes et al., 2019).

PTEN

Loss-of-function variants in PTEN, which encodes for phosphatase

and tensin homolog and tumor suppressor, cause a spectrum of clini-

cal megalencephaly disorders including Cowden syndrome (CS),

Bannayan–Riley–Ruvalcaba syndrome (BRRS), and autism spectrum

disorder with macrocephaly (Gorlin et al., 1992; Herman et al., 2007;

Marsh et al., 1998; Orrico et al., 2009; Varga et al., 2009; Zhou

et al., 2003). These syndromes share characteristic features including

overgrowth and predisposition to various tumors. PTEN suppresses

phosphoinositide 3-kinase (PI3K) signaling that activates cell growth

and tumorigenesis. Mice deficient in nuclear PTEN have microcephaly

persisting into adulthood (Igarashi et al., 2018; Kwon et al., 2001;

Kwon et al., 2003; Kwon et al., 2006). Further, deletions of the 10q23

locus encompassing PTEN are associated with macrocephaly, hypoto-

nia, and increased predisposition to various malignancies, including

juvenile polyposis syndrome (Babovic et al., 2010). In contrast, micro-

duplications of this locus have recently been identified in association

with autosomal dominant primary microcephaly and decreased mTOR

signaling (Oliveira et al., 2019).

NSD1

NSD1, located on chromosome 5q35.3, encodes for nuclear receptor

binding (SET) domain histone methyltransferase that methylates lysine

36 of histone 3 (H3K36) (Graham et al., 2016). This histone modifier

regulates the activity of several genes involved in growth and devel-

opment. Haploinsufficiency of NSD1 causes Sotos syndrome charac-

terized by brain and somatic overgrowth, distinctive facial features

(broad, prominent forehead, dolichocephaly, spares frontotemporal

hair, long chin, long narrow face, malar flushing, down-slanting palpe-

bral fissures), and intellectual disability (Kurotaki et al., 2002). Other

major features include behavioral problems, advanced bone age, car-

diac defects, cranial abnormalities, skeletal abnormalities including

joint hyperlaxity and scoliosis, renal defects, and seizures. A minority

of affected individuals (<15%) have other features such as

hemihypertrophy, conductive hearing loss, pectus excavatum, and

strabismus. Loss-of-function variants and deletions of 5q35

encompassing NSD1 have been identified in approximately 90% of

individuals with Sotos syndrome (Tatton-Brown et al., 2005). Con-

versely, NSD1 duplications result in growth retardation and micro-

cephaly (Dikow et al., 2013; Franco et al., 2010; Lucio-Eterovic
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et al., 2010; Sachwitz et al., 2017; Sellars et al., 2011; Tracy

et al., 2011; J. C. Wang et al., 2007; Zhang et al., 2011). Further,

murine models carrying a heterozygous 1.5-Mb deletion of 36 genes

including Nsd1 syntenic with 5q35.2-q35.3 in humans had a pheno-

type characterized by small gestational age and decreased postnatal

growth (Migdalska et al., 2012).

MYCN

MYCN, located on chromosome 2p24.3, encodes for N-Myc protein, a

transcription factor critical to normal embryonic development and

postnatal brain size. The MYCN gene is part of the Myc family of

proto-oncogenes critical for regulating cell differentiation and growth

(Henriksson & Luscher, 1996). Much of the function of the Myc family

of proteins is through downstream activation and repression of spe-

cific target genes (Eisenman, 2001). These targets include the cyclin-

dependent kinase CDK4, a Cdc25A phosphatase that activates CDKs,

cyclin D2 and the E2F family (Bouchard et al., 1999; Galaktionov

et al., 1996; Leone et al., 2001). Amplification of MYCN is associ-

ated with various cancers including prostate cancer (Dardenne

et al., 2016), retinoblastoma (Rushlow et al., 2013), and aggressive

forms of neuroblastoma (Higashi et al., 2019; Otto et al., 2009;

Tavana et al., 2016; Xue et al., 2016). The carcinogenic potential of

N-Myc is likely due to its ability to drive cells into the cell cycle. A

mouse model showed that N-myc plays a vital role in neurogenesis

and that homozygous absence of N-myc results in a twofold

decrease in brain mass that disproportionately affects the cerebel-

lum and cerebral cortex (Knoepfler et al., 2002). This same study

suggested that the decrease in brain size is due to downregulation

of a subset of cyclin-dependent kinase inhibitors and disruption of

CCND2 expression. Germline loss of function variants of MYCN

cause Feingold syndrome type 1 characterized by microcephaly,

limb abnormalities, atresia of the gastrointestinal tract, learning dis-

abilities, and dysmorphic facial features. Deletions involving the

MYCN locus have also been reported as a cause of Feingold Syn-

drome (Chen et al., 2012; Mercedes Bloch et al., 2014). Although

there is variable expressivity, there are no significant genotype–

phenotype differences between individuals with Feingold

Syndrome (Marcelis et al., 2008). Further, an MYCN gain-of-

function variant resulting in increased CCND1 and CCND2 expres-

sion has recently been reported to cause a novel megalencephaly

syndrome that is similar but distinct from MPPH syndrome (Kato

et al., 2018).

EZH2

Enhancer of Zeste, Drosophila, homolog 2 (EZH2, MIM: 601573)

encodes for part of the polycomb repressive complex 2 (PRC2), which

mediates suppression of transcription via chromatin condensation

through methylation of histone H3 (lysine 27) (Cao et al., 2002). Vari-

ants in this gene are the primary cause of Weaver Syndrome (WS),

characterized by overgrowth, facial gestalt, accelerated bone matura-

tion and variable degree of intellectual disability (A. S. Cohen

et al., 2016; Gibson et al., 2012; Lui et al., 2018; Tatton-Brown

et al., 2011; Tatton-Brown et al., 2013). Studies in humans and mice

have demonstrated that EZH2 variants associated with WS are mainly

due to reduced methyltransferase activity, and thus are classified as

loss of function (A. S. Cohen & Gibson, 2016; Lui et al., 2018).

Recently, an elegant study utilized DNA methylation signature to clas-

sify missense variants in EZH2 as pathogenic or benign, and provided

insights into gain of function mutations and mosaicism (Choufani

et al., 2020). Notably, gain of methylation at the same CpG sites asso-

ciated with WS, lead to transcriptional changes during development

resulting in growth restriction in one patient (Choufani et al., 2020).

This evidence adds EZH2 to the growing list of genes with epigenetic

functions that can affect cell growth through changes in their tran-

scriptional profiles, similarly to NSD1 (Aref-Eshghi et al., 2018;

Butcher et al., 2017; Choufani et al., 2015).

MIR17HG and 13q31.3

MIR17HG gene encodes the miR-17 ~92 polycistronic microRNA

(miRNA) cluster, a family of six highly conserved miRNA (Han

et al., 2015). Focal amplifications of this region are present in many

types of cancer, with ectopic expression of this locus associated with

acceleration of tumor formation in murine models (Han et al., 2015).

Microdeletions of chromosome 13q that include the MIR17HG gene

are associated with Feingold 2 syndrome, with features of microceph-

aly, brachymesophalangy, toe syndactyly, short stature, cardiac anom-

alies, growth hormone deficiency, aortic dilation, phalangeal joint

contractures, memory, and sleep problems (de Pontual et al., 2011;

Muriello et al., 2019). Recently, a de novo 13q31.3 microduplication

encompassing MIR17HG was described in a female patient with devel-

opmental delay, skeletal and digital abnormalities, and tall stature and

macrocephaly (Siavriene et al., 2020).

4 | DISCUSSION

The CCND2 gene, located on 12p13.32, encodes the protein Cyclin

D2 and is a member of the highly conserved cyclin family, regulat-

ing the G1 to S phase transition in the cell cycle (Z. Wang

et al., 2008; Xiong et al., 1992). Gain-of-function (GoF) variants in

CCND2, AKT3 and PIK3R2 have been implicated in MPPH syn-

drome. Megalencephaly-associated variants in components of the

PI3K-AKT-MTOR pathway, including variants within the terminal

exon of CCND2, share the same functional endpoint, namely inhibi-

tion of proteasomal degradation of cyclin D2 (G. Mirzaa

et al., 2014). This influences many important cell functions includ-

ing cell growth and division, protein synthesis and cell survival.

Although not directly in the PI3K-AKT-MTOR pathway, MCYN indi-

rectly participates through upstream modulation of CCND1 and

CCND2 expression (Kato et al., 2018). Further, copy number

PIROZZI ET AL.

	 18	



abnormalities, namely 12p13.32 deletions encompassing CCND2,

have been identified in individuals with microcephaly and a wide

spectrum of clinical features including intellectual disability, short

stature, developmental delays, and dysmorphic features. However,

the highly variable presentation and high gene content of this

microdeletion syndrome provided limited evidence regarding the

role of CCND2. (Firth et al., 2009). This is the first series reporting

on individuals with heterozygous frameshift and stop gain CCND2

variants resulting in microcephaly, to our knowledge. All affected

individuals demonstrated poor growth, in association with

neurodevelopmental issues, among other features.

CCND2 is highly expressed in pluripotent human embryonic stem

cells (Becker et al., 2010), and is postnatally expressed at high levels in

the human brain, adrenal gland, heart, and colon (Fagerberg

et al., 2014). CCND2 is a regulatory subunit of the Cyclin D2-CDK4

complex, which phosphorylates and inhibits members of the retino-

blastoma (RB) family of proteins including RB1. Phosphorylation of

RB1 allows dissociation of the transcription factor E2F from the

RB/E2F complex and the subsequent transcription of E2F target

genes responsible for progression through the G1 phase of the cell

cycle. Cyclin D2 is also a substrate for SMAD3, phosphorylating

SMAD3 in a cell-cycle-dependent manner and repressing its transcrip-

tional activity. Cyclin D2 has been found to be highly expressed in the

adult mouse brain suggesting that cyclin D2 carries out a unique role

in terminally differentiated neurons (Ross et al., 1996). Murine knock-

out models of Ccnd2 lack adult neurogenesis almost entirely

(Kondratiuk et al., 2015). A deficit in parvalbumin positive (PV+)

GABAergic interneurons in Ccnd2 null mice have been observed in

both the cortex and the hippocampus leading to a decrease in cortical

inhibition (Glickstein et al., 2007). Evidence of this cortical inhibition

was demonstrated on EEGs of awake cD2-null mice showing

increased frequency and amplitude of paroxysmal cortical discharges

(Glickstein et al., 2007). Furthermore, gene dose dependent differ-

ences in brain cortical surface area have been observed in mouse

models with heterozygous knockouts of Ccnd2 resulting in an inter-

mediate phenotype (Glickstein et al., 2007). Ccnd2 null mice had

microcephaly with either a relatively preserved or mildly decreased

body size with catch up growth and an increase in seizure activity as

they age (M. Elizabeth Ross, personal communication, April 25, 2019).

Our series of five individuals with microcephaly and three novel

variants in CCND2 expands the genotype–phenotype spectrum for

this gene. Our functional analysis revealed increased levels of CCND2

and other key PI3K-AKT-MTOR markers in CCND2 mutant fibroblasts

derived from a child with MPPH, confirming previous findings by our

group (G. Mirzaa et al., 2014). Immunostaining also revealed marked

increase in Ki-67 expression, suggesting that increased proliferation is

a mechanism for CCND2-related MEG, as demonstrated by our prior

work on CCND2 (G. Mirzaa et al., 2014). Our data further show that

an increase in cell size, or cellular hypertrophy, is likely another fea-

ture of CCND2-related MEG, as demonstrated by the significant

enlargement of cytoplasmic area, and similar to the MTOR-dependent

hypertrophy identified in Pten-deficient mice (Kwon et al., 2001;

Kwon et al., 2003). Despite the increase in pS6+ and Ki-67+/pS6+

cells, the LR07-041 MEG cell line showed a reduced overall percent-

age of Ki67+ cells, due to the overall lower number of cells present in

the wells, as cells occupy a larger volume (12,508 cells for LR07-041

MEG vs. 33,218 cells in the control). Similar assays on the CCND2-

associated microcephaly cell line revealed lower levels of CCND2

compared to the MEG cell line. However, levels were surprisingly

slightly higher than the control line. We were able to detect the

CCND2 protein in the LR19-392 MIC cell line despite the premature

stop codon as the antibody recognized an epitope in the N-terminus,

suggesting expression of a truncated isoform of the protein in this

patient. We therefore hypothesize that the increase in CCND2 levels

in the MIC cell line could be due to accumulation of unphosphorylated

degradation-resistant cyclin D2, similarly to what demonstrated for

CCND2 -related MPPH (G. Mirzaa et al., 2014), albeit with distinct

functional consequences in the developing brain. We also hypothesize

that this mild increase in protein level is likely insufficient to cause

hyperplasia or hypertrophy, as the LR19-392-MIC cells were not sig-

nificantly different in size or number from controls. We previously

identified a nonsense variant in the terminal exon of CCND2 in associ-

ation with MPPH (p.Lys270X) (G. Mirzaa et al., 2014), thus we postu-

late that variants in distinct regions of the gene (proximal vs. distal)

are directly relevant to the functional consequences and associated

phenotypes of CCND2-related disorders.

We considered whether the TENM1 hemizygous variant in individual

LR19-002 could contribute to the phenotype. However, we believe this

is less likely as TENM1 is not known to be associated with microcephaly,

to date. Notably, individual LR19-392 in our study underwent only

targeted multigene sequencing. Therefore, we cannot rule out the possi-

bility that this individual may carry other variants that might contribute

to the phenotype. Finally, additional functional studies in more relevant

models, such as human induced pluripotent stem cell-derived neurons,

are needed to confirm some of the above hypotheses regarding the role

of CCND2 in regulating brain size and the exact molecular mechanisms

of CCND2-related microcephaly in humans.

In summary, our study expands the phenotypic spectrum of

CCND2-related disorders in humans and suggests that distinct classes

of genetic variants within different domains of the gene—namely

proximal versus distal variants—have different functional conse-

quences on the developing human brain and are likely associated with

reciprocal effects on early brain growth—with more proximal and poten-

tially loss of function variants causing protein truncation associated with

microcephaly, and distal variants abolishing phosphorylation-dependent

ubiquitination sites resulting in megalencephaly. This study further high-

lights the diversity of the molecular mechanisms that cause brain growth

syndromes and the paradigm of reciprocal genetic variants leading to

inverse brain phenotypes.
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Evaluation of Immune Response and Disease Status
in Systemic Lupus Erythematosus Patients Following
SARS–CoV-2 Vaccination
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Objective. To evaluate seroreactivity and disease flares after COVID-19 vaccination in a multiethnic/multiracial
cohort of patients with systemic lupus erythematosus (SLE).

Methods. Ninety SLE patients and 20 healthy controls receiving a complete COVID-19 vaccine regimen were included.
IgG seroreactivity to the SARS–CoV-2 spike receptor-binding domain (RBD) andSARS–CoV-2microneutralizationwere used
to evaluate B cell responses; interferon-γ (IFNγ) production wasmeasured by enzyme-linked immunospot (ELISpot) assay in
order to assess T cell responses. Disease activity was measured by the hybrid SLE Disease Activity Index (SLEDAI), and
flares were identified according to the Safety of Estrogens in Lupus ErythematosusNational Assessment–SLEDAI flare index.

Results. Overall, fully vaccinated SLE patients produced significantly lower IgG antibodies against SARS–CoV-2
spike RBD compared to fully vaccinated controls. Twenty-six SLE patients (28.8%) generated an IgG response below
that of the lowest control (<100 units/ml). In logistic regression analyses, the use of any immunosuppressant or predni-
sone and a normal anti–double-stranded DNA antibody level prior to vaccination were associated with decreased vac-
cine responses. IgG seroreactivity to the SARS–CoV-2 spike RBD strongly correlated with the SARS–CoV-2
microneutralization titers and correlated with antigen-specific IFNγ production determined by ELISpot. In a subset of
patients with poor antibody responses, IFNγ production was similarly diminished. Pre- and postvaccination SLEDAI
scores were similar in both groups. Postvaccination flares occurred in 11.4% of patients; 1.3% of these were severe.

Conclusion. In a multiethnic/multiracial study of SLE patients, 29% had a low response to the COVID-19 vaccine
which was associated with receiving immunosuppressive therapy. Reassuringly, severe disease flares were rare. While
minimal protective levels remain unknown, these data suggest that protocol development is needed to assess the effi-
cacy of booster vaccination.

INTRODUCTION

As scientific advances have been applied with unprece-
dented speed during the COVID-19 pandemic, physicians and
their patients have pivoted from treatment of infection and passive

immunization to full-scale preventative measures, particularly in
high-risk individuals (1,2). Patients with systemic lupus erythema-
tosus (SLE) comprise a unique population with regard to risk for
infection and outcomes associated with SARS–CoV-2, given
underlying demographics, associated organ damage, and
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comorbidities. In addition, medications commonly used to treat
SLE have been associated with an increased risk of death from
COVID-19 (3). Early data provided evidence that patients with
SLE have a high risk of hospitalization from COVID-19, with fac-
tors including race/ethnicity, comorbidities such as cardiovascu-
lar disease and renal insufficiency, and higher body mass index
identified as independent predictors of hospitalization (1,4).
Further raising concern, infection was reported to be associated
with flares of disease (5). In subsequent studies, patients with
SLE and confirmed COVID-19 were demonstrated to generate
and maintain serologic responses despite the use of a variety of
immunosuppressants (6). These data provided reassurance
regarding the efficacy and durability of humoral immunity and pro-
tection against reinfection with SARS–CoV-2, as well as potential
insights into the efficacy of active immunization in SLE patients.

Since the phase III clinical studies of all 3 vaccines excluded
patients treated with immunosuppressants or immune-modifying
drugs within 6 months of enrollment, data on SLE are virtually
absent (7–9). Furthermore, given the potential for disease flares
following immunization, it is not surprising that a recent study
reported hesitancy for vaccination in patients with rheumatic dis-
eases, including SLE (10). Accordingly, the current study was ini-
tiated to address these critical gaps and examine the efficacy of
these promising COVID-19 vaccines in patients with SLE. This
was accomplished by evaluating a multiethnic/multiracial cohort
of SLE patients using assessments of serologic responses which
were compared to healthy controls. The assays included antibod-
ies to the spike protein receptor-binding domain (RBD), virus-
neutralizing antibodies, and antigen-specific T cell production of
interferon-γ (IFNγ), both prior to and after vaccination. Factors
associated with the level of responsiveness were sought. In addi-
tion, SLE disease activity pre- and postvaccination was
measured, as well as the rate of flare postvaccination.

PATIENTS AND METHODS

Study population and inclusion/exclusion criteria.
Patients were recruited from the established New York University
(NYU) Lupus Cohort, a prospective convenience registry open to
enrolling any patient with SLE seen at NYU Langone Health and
Bellevue Hospital Center since 2014. All SLE patients in the NYU
Lupus Cohort are age 18 or older and fulfill ≥1 of the following cri-
teria: 1) the American College of Rheumatology (ACR) revised
classification criteria (11); 2) the Systemic Lupus International
Collaborating Clinics classification criteria (12); and/or 3) the
European Alliance of Associations for Rheumatology/ACR classi-
fication criteria (13). All NYU Lupus Cohort patients and controls
provided written informed consent, which was available in
English, Spanish, and Mandarin. All adult patients with SLE plan-
ning to receive any of the available COVID-19 vaccines were eligi-
ble for inclusion. Exclusion criteria included unwillingness to

provide blood after the second dose of the vaccine, incomplete
vaccination schedule, and speaking a language other than
English, Spanish, or Mandarin. Healthy controls were ≥18 years
of age, had no known rheumatic diseases and were receiving no
immunosuppressive medications. The study protocol and the
NYU Lupus Cohort and recruitment of controls were approved
by the NYU and Bellevue Hospital Institutional Review Boards.

Study design and data collection. Patients were
recruited using convenience sampling, with inclusion and exclu-
sion criteria as stated above. For most patients, blood samples
were available pre- and postvaccination. Disease activity mea-
sures and laboratory data prior to vaccination were available as
part of the NYU Lupus Cohort but were limited to patients seen
within 4 months of their first vaccine dose. Postvaccination
follow-ups were scheduled ~2 weeks after the second dose of
the messenger RNA (mRNA) vaccines (i.e., BNT162b2 [Pfizer/
BioNTech] or mRNA-1273 [Moderna]) or after 1 dose of
Ad26.COV2.S (Johnson & Johnson) to collect postvaccination
blood samples and assess for any change in SLE activity. Disease
activity was measured by the hybrid Safety of Estrogens in Lupus
Erythematosus National Assessment (SELENA)–SLE Disease
Activity Index (SLEDAI) (urine protein:creatinine ratios >0.5 were
always counted), and flares were assessed by the SELENA–
SLEDAI flare index (14–16). In addition, the use and doses of
immunosuppressive medications were recorded at each visit,
including, among others, glucocorticoids, hydroxychloroquine
(HCQ), azathioprine, mycophenolate mofetil (MMF), methotrexate
(MTX), belimumab, and tacrolimus. Any cyclophosphamide, obi-
nutuzumab, or rituximab administered within 6 months of the
patient’s visit was also recorded. Considering that our patients
were largely enrolled before the ACR updated their guidelines to
temporarily hold MMF used to treat more severe manifestations
such as nephritis, that medication was not held. We did advise
patients to hold MTX and adjusted other medications as
recommended per this guidance (17).

Enzyme-linked immunosorbent assay (ELISA) for
recombinant SARS–CoV-2 spike protein. Ninety-six–well
plates were coated with 1 μg/ml recombinant SARS–CoV-2 spike
RBD (no. BT10500; R&D Systems), diluted in phosphate buffered
saline (PBS) and incubated overnight at 4�C. Plates were blocked
with 0.1% gelatin in PBS. Plasma (spun 10,000 rpm for 1 minute)
were diluted 1:200–1:100,000 and added to the plate for 1 hour
at room temperature. Samples were run in triplicate. With each
run, 2 positive controls were included in the 96-well plate: plasma
from control (non-SLE) participants postvaccination, with high
and low IgG titers, each diluted 1:500 to ensure that measure-
ments were captured across the assay range. Detection relies
on an enzyme-labeled secondary antibody, alkaline
phosphatase–conjugated rabbit anti-human IgG (γ-chain–
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specific) (Sigma) diluted 1:2,000. After developing with the addi-
tion of phosphatase substrate, the optical density (OD) was mea-
sured at 405 nm, and the reaction was evaluated when the low

positive control reached an OD of 1. The OD measured for a
tested sample was multiplied by the dilution factor, which gave
an OD in the range of 0.3–0.8.

Table 1. Characteristics of the vaccinated SLE patients and healthy controls*

Controls
(n = 20)

SLE patients
(n = 90)

Age, mean � SD years 45.3 � 14.2 45.5 � 14.2
Sex†
Female 12 (60.0) 79 (87.8)
Male 8 (40.0) 11 (12.2)

Race
White 13 (65.0) 43 (47.8)
Black 2 (10.0) 16 (17.8)
Asian 4 (20.0) 17 (18.9)
Other 1 (5.0%) 14 (15.5)

Ethnicity
Hispanic/Latino 1 (5.0) 34 (37.8)

COVID-19 vaccine
BNT162b2 (Pfizer) 17 (85.0) 61 (67.8)
mRNA-1273 (Moderna) 3 (15.0) 24 (26.7)
Ad26.COV2.S (Johnson & Johnson) 0 (0) 5 (5.5)

Days between 2nd vaccine dose and postvaccine
blood draw, mean (range)

23 (14–31) 24 (5–69)

Prior history of COVID-19 (PCR or IgG) 2 (10.0) 11 (12.2)
SLE risk factors
History of LN N/A 40 (44.4)
Kidney transplant recipient N/A 5 (5.6)
APS N/A 9 (10.0)

Medication(s)
HCQ – 71 (79)
Dose, mean � SD mg – 321.0 � 89.7

Chloroquine – 1 (1)
Dose, mg – 250.0

Prednisone – 26 (29)
Dose, mean � SD mg – 7.2 � 7.6

Immunosuppressants – 38 (42)
AZA – 5 (6)
Dose, mean � SD mg – 130.0 � 27.4

MMF – 19 (21)
Dose, mean � SD mg – 1,967.1 � 731.1

Mycophenolic acid – 2 (2)
Dose, mean � SD mg – 900.0 � 254.6

Tacrolimus – 5 (6)
Dose, mean � SD mg – 4.0 � 2.3

MTX – 8 (9)
Dose, mean � SD mg‡ – 14.6 � 6.0

Belimumab – 10 (11)
Cyclophosphamide – 0 (0)
Rituximab – 3 (3)
Leflunomide – 1 (1)
Abatacept – 1 (1)
Adalimumab – 1 (1)
Obinutuzumab – 1 (1)
Eculizumab – 1 (1)
Apremilast – 1 (1)
SLE clinical trial – 1 (1)

Prednisone + immunosuppressant – 22 (24)
Combination immunosuppressants – 15 (17)

* Except where indicated otherwise, values are the number (%) of subjects. SLE = systemic lupus erythemato-
sus; PCR = polymerase chain reaction; LN = lupus nephritis; APS = antiphospholipid syndrome; N/A = not
applicable; HCQ = hydroxychloroquine; AZA = azathioprine; MMF = mycophenolate mofetil.
† P = 0.007.
‡ Includes 1 patient with an unknown dose of methotrexate (MTX), prescribed at an outside institution.

IZMIRLY ET AL

	 28	



SARS–CoV-2microneutralization assay. Viral neutraliza-
tion activity of plasma was measured in an immunofluorescence-
based microneutralization assay by detecting the neutralization of
infectious virus in cultured Vero E6 cells (no. CRL-1586, African
greenmonkey kidney cells; ATCC). Cells weremaintained accord-
ing to standard ATCC protocols. Briefly, Vero E6 cells were grown
in minimum essential medium (MEM) supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, and
1% of MEM Nonessential Amino Acid Solution (no. MT25025CI;
Fisher). Cell cultures were grown in 75 or 150 cm2

flasks at 37�C
with 5% CO2 and passaged 2–3 times per week using trypsin–
EDTA. Cell cultures used for virus testing were prepared as
subconfluent monolayers. All incubations containing cells were
performedat37�Cwith5%CO2. All SARS–CoV-2 infectionassays
were performed in the Centers for Disease Control and Prevention
(CDC)/US Department of Agriculture–approved biosafety level
3 facility in compliance with NYU Grossman School of Medicine
guidelines for biosafety level 3. SARS–CoV-2 isolate USA-
WA1/2020, deposited by the CDC, was obtained through BEI
Resources, National Institute of Allergy and Infectious Diseases,
National Institutes of Health (NR-52281, GenBank accession
no. MT233526). Serial dilutions of heat-inactivated plasma (56�C
for 1 hour) were incubated with USA-WA1/2020 stock (at fixed
1 � 106 plaque-forming units/ml) for 1 hour at 37�C. One hundred
microliters of the plasma–virusmix was then added to the cells and
incubated at 37�Cwith 5%CO2. Twenty-four hours postinfection,
cells were fixed with 10% formalin solution (4% active formalde-
hyde) for 1 hour, stained with an anti-SARS–CoV-2 nucleocapsid
antibody (no 10-605; ProSci), and a goat anti-mouse IgG Alexa
Fluor 647 secondary antibody along with DAPI and visualized by
microscopywith theCellInsight CX7High-Content Screening Plat-
form (ThermoFisher) and high-content software.

Enzyme-linked immunospot (ELISpot). ELISpot plates
(Human IFNγ ELISpot Plus, no. 3420-4HPT-2) were preseeded
under sterile conditions following the recommendations of the
manufacturer (Mabtech) in duplicates with 250,000 cells per
well from cryopreserved peripheral blood mononuclear cells
(PBMCs) isolated from each participant. Cells were incubated
for 24 hours with SARS–CoV-2 spike protein S1 (1 μg/well)
(no. RP-87681; Invitrogen) or vehicle, in the presence of anti-
CD28 (1 μg/ml) (Biolegend). Cells were removed by washing
the wells with PBS + 1% FBS. Membrane was probed with a
1:1,000 dilution of the detection antibody provided by the man-
ufacturer (1 hour at 22�C). After washing, plates were devel-
oped using tetramethylbenzidine substrate solution. Spots
were imaged and counted using an ImmunoSpot S6 Analyzer
(Cellular Technology Limited). For each sample, the monoclonal
antibody CD3-2 was used to capture cytokine production as a
positive control.

Statistical analysis. Categorical variables were summa-
rized by computing counts and proportions of patients. Continu-
ous variables are expressed as the mean � SD or the median
and interquartile range (IQR) or range, as appropriate. Two-group
comparisons were performed using the chi-square or Fisher’s
exact test for categorical variables and the 2-sample t-test or
Mann–Whitney U test for continuous variables. Spearman’s rank
correlation coefficient was computed for the association between
the ELISA and microneutralization assays. An exploratory logistic
regression analysis was also conducted to identify potential inde-
pendent predictors of low postvaccine ELISA antibody response
(≤100 units/ml, the lowest value seen in controls). Variable selec-
tion in the final model was based on both statistical significance
(P < 0.10, given limited sample size and power of the study) as

Figure 1. Flow diagram of the systemic lupus erythematosus (SLE) patients included in each analysis. ELISA = enzyme-linked immunosorbent
assay; ELISpot = enzyme-linked immunospot; SLEDAI = SLE Disease Activity Index.
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well as clinical considerations. All statistical analyses were per-
formed using SAS version 9.4.

RESULTS

Patient population. A total of 90 patients with SLE and
20 controls were included in this study. Table 1 shows the demo-
graphics of the patients and controls in addition to SLE-specific
information. Cases and controls were relatively well-matched;
however, controls were more likely to be male (P = 0.007).
Whereas controls only received the BNT162b2 and mRNA-1273
vaccines, SLE patients received all 3 vaccines currently available
in the US, including Ad26.COV2.S. In addition, 12% of the SLE
patients had a history of prior COVID-19 infection compared to
10% of controls. Forty-four percent of patients had a history of
lupus nephritis (LN), 10% had secondary antiphospholipid syn-
drome (APS), and 5.6% had received a kidney transplant. The
majority of SLE patients (79%) were receiving HCQ, and 29%
were receiving systemic glucocorticoids (mean dose of 7 mg
prednisone). Forty-two percent were receiving ≥1 immunosup-
pressant, with MMF being the most common (21%), followed by
belimumab (11%). In addition, 17% of patients were receiving a
combination of immunosuppressants. Figure 1 shows the num-
ber of SLE patients included in each subsequent analysis.

Decreased COVID-19 antibody responses in SLE
patients compared to controls. Ninety SLE patients (82 with
data from pre- and postvaccination analyses) and 20 healthy con-
trols (all with data from pre- and postvaccination analyses) were
evaluated for IgG antibody levels against the RBD of SARS–
CoV-2 spike protein (anti-RBD) (Figures 2A–D). Overall, prevac-
cine levels in patients with SLE were significantly lower (median
9.1 [IQR 2.8–23.9]) than in controls (median 34.5 [IQR 11.2–
74.0]; P = 0.001), as were the postvaccine levels (median 235.2
[IQR 75.9–531.4] versus median 435.7 [IQR 269.0–768.6],
respectively; P = 0.01). Postvaccine antibody levels in 26 SLE
patients (28.8%) fell below the lowest level of the controls (≤100
units/ml), which is shown in Figure 2D.

To address the functionality of the antibody responses
assessed by ELISA, pre- and postvaccine samples from 49 SLE
patients and 18 controls were also evaluated by the SARS–
CoV-2 live microneutralization assay. As shown in Figure 2E, there
was a strong correlation between the 2 assays (R = 0.76,
P < 0.0001), suggesting that the ELISA is a good end point assay
to evaluate the immune response to the vaccines. Similar to what
we observed with the ELISA results, postvaccine microneutraliza-
tion titers were significantly lower in SLE patients compared to
controls (P = 0.0075) (Figure 2F).

A comparison of clinical and laboratory factors in the 64 SLE
patients who generated responses to COVID-19 vaccine that
were compatible with controls and the 26 patients with low
responses who had ELISA results ≤100 units/ml is shown in

Table 2. In unadjusted analyses, subjects with low responses
were more likely to be receiving prednisone, MMF or mycopheno-
lic acid, a combination of prednisone and ≥1 immunosuppres-
sant, or ≥2 immunosuppressants, while those with high
responses were more likely to only be receiving antimalarials or
receiving no medication. In addition, low responders were

Figure 2. Antibody response to COVID-19 vaccine in SLE patients.
Throughout, open circles represent controls, and solid circles repre-
sent SLE patients. Serum IgG titers against the SARS–CoV-2 spike
protein receptor-binding domain (RBD) were obtained by direct
ELISA. Binding of human IgG to recombinant SARS–CoV-2 RBD
was performed as described in Patients and Methods. A, IgG titers
of 20 controls pre- and postvaccination. B, IgG titers of 81 SLE
patients pre- and postvaccination and 9 SLE patients with only post-
vaccination data available. C, Comparison of IgG titers postvaccina-
tion between the 2 groups, with controls showing significantly higher
titers than SLE patients. D, IgG titers of a subgroup of patients
(n= 24) from B with anti-RBD IgG ≤100 units/ml (the lowest response
in controls). E, Correlation of SARS–CoV-2 virus neutralization titers in
the sera of vaccinated subjects with IgG titers. Each dot represents
the serum evaluation of a participant with binding of human IgG to
recombinant SARS–CoV-2 RBD (x-axis) versus live virus neutralization
at 50% inhibition concentration (IC50; y-axis). There is a strong correla-
tion between spike RBD IgG and live virus neutralization (R = 0.76,
P < 0.0001). F, Log10 postvaccination neutralization titers for controls
compared to SLE patients. See Figure 1 for other definitions.
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more likely to have received Ad26.COV2.S, although sample
sizes were limited, and to have had a normal anti–double-
stranded DNA (anti-dsDNA) antibody level prior to vaccination
(Table 2). Logistic regression analysis yielded a final model that
included the following 4 independent predictors of low ELISA
response among SLE patients: receiving any immunosuppressive
therapy other than antimalarials (adjusted odds ratio [OR] 15.14
[95% CI 2.80–82.03] compared to antimalarials/no medications;

P = 0.002), normal anti-dsDNA antibody level prior to vaccination
(OR 14.50 [95% CI 2.20–95.66] compared to abnormal anti-
dsDNA antibody level; P = 0.006), lower platelet count (OR 1.55
[95% CI 0.96–2.51] per 50 � 109 cells/liter decrease; P = 0.07),
and normal C3 level (OR 4.95 [95% CI 0.91–26.0] compared
to low C3 level; P = 0.06). A separate subgroup analysis
including only those patients who were receiving any immunosup-
pressants confirmed the association of a normal anti-dsDNA

Table 2. Bivariate analysis of predictors for poor postvaccine ELISA antibody response (≤100 units/ml) among the SLE patients*

Postvaccine ELISA antibody response

P
≤100 units/ml

(n = 26)
>100 units/ml

(n = 64)

Age, mean � SD years 47.7 � 13.3 44.6 � 14.5 0.36
Sex 0.29
Female 21 (80.8) 58 (90.6)
Male 5 (19.2) 6 (9.4)

Race 0.46
White 11 (42.3) 32 (50.0)
Black 3 (11.5) 13 (20.3)
Asian 7 (26.9) 10 (15.6)
Other 5 (19.2) 9 (14.1)

Ethnicity 0.93
Hispanic 10 (38.5) 24 (37.5)
Non-Hispanic 16 (61.5) 40 (62.5)

Days between 2nd vaccine dose and
postvaccine blood draw, median (IQR)

19.5 (14.0–44.0) 17.0 (12.0–26.0) 0.11

Vaccine type 0.039
BNT162b2 15 (57.7) 46 (71.9)
mRNA-1273 7 (26.9) 17 (26.6)
Ad26.COV2.S 4 (15.4) 1 (1.6)

Prior history of COVID-19 (PCR or IgG) 4 (18.2) 7 (13.7) 0.72
History of LN 15 (57.7) 25 (39.7) 0.12
Kidney transplant recipient 3 (11.5) 2 (3.1) 0.14
APS 0 (0) 9 (14.1) 0.055
Prednisone + ≥1 immunosuppressant 10 (38.5) 12 (18.8) 0.049
Combination immunosuppressants 9 (34.6) 6 (9.4) 0.01
Only antimalarials (HCQ + chloroquine)
among those receiving medication

3 (12.0) 33 (56.9) 0.0002

Any MMF (MMF + mycophenolic acid) 12 (46.2) 9 (14.1) 0.001
Any prednisone 12 (46.2) 14 (21.9) 0.021
Any belimumab 4 (15.4) 6 (9.4) 0.47
No immunosuppressants 1 (3.8) 6 (9.4) 0.67
Only HCQ or no medications 4 (15.4) 39 (60.9) <0.0001
Prevaccine anti-dsDNA antibody level† 0.023
Normal 14 (87.5) 28 (56.0)
High 2 (12.5) 22 (44.0)

C3 level 0.35
Low 3 (18.8) 17 (34.0)
Normal 13 (81.3) 33 (66.0)

C4 level 1.00
Low 4 (25.0) 12 (24.0)
Normal 12 (75.0) 38 (76.0)

SLEDAI score, mean � SD† 2.00 � 2.34 3.46 � 4.16 0.085
Platelet count, mean � SD � 103/μl† 202.81 � 78.37 243.74 � 85.60 0.095
Urine protein:creatinine ratio, mean � SD† 0.17 � 0.18 0.28 � 0.58 0.26
Lymphocyte count, mean � SD � 103/μl† 1.19 � 0.65 1.36 � 0.97 0.43

* Except where indicated otherwise, values are the number (%) of subjects. ELISA= enzyme-linked immunosorbent assay; SLE= systemic lupus
erythematosus; IQR = interquartile range; PCR = polymerase chain reaction; LN = lupus nephritis; APS = antiphospholipid syndrome;
HCQ = hydroxychloroquine; MMF = mycophenolate mofetil; anti-dsDNA = anti–double-stranded DNA (see Table 1 for other definitions).
† Laboratory measures and SLE Disease Activity Index (SLEDAI) scores were based on patients with prevaccine data available within 4 months
of vaccine (n = 66).
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antibody level with poor antibody response (OR 8.98 [95%CI
1.89–42.6]; P = 0.006 after adjustment for platelet and C3). Fur-
ther details about the patients with lower responses are provided
in Table 3.

Evaluation of IFNγ secretion in response to SARS–
CoV-2 spike protein S1. Sixteen SLE patients (of whom 4 had
pre- and postvaccine data available) and 2 controls (both with
pre- and postvaccine data available) were further evaluated addres-
sing T cell reactivity, which was operationally reported by the release
of IFNγ in response to challenge of PBMCs in the absence and pres-
ence of the full-length S1 protein (COVID-19 antigen), as described
in Patients and Methods. Individuals were chosen to represent a
range of responses to the SARS–CoV-2 spike protein and SARS–
CoV-2 microneutralization assay but with a particular focus on the
patients with low seroreactivity on both assays. As shown in Sup-
plementary Figure 1 (available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.41937/
abstract), there was a correlation between the postvaccine ELI-
Spot number and ELISA evaluations (R = 0.57, P = 0.0135). In
a subset of patients with poor antibody responses, IFNγ pro-
duction was likewise diminished (Supplementary Figure 1).

Stable disease activity in the majority of SLE
patients after COVID-19 vaccination. Of the 90 patients
evaluated, 55 patients had completed a SLEDAI assessment

within 4 months of their first vaccine dose, which was then com-
pared to their postvaccine SLEDAI assessment that was com-
pleted an average of 23.6 days (range 5–70) after the final
vaccine dose (Supplementary Table 1, http://onlinelibrary.wiley.
com/doi/10.1002/art.41937/abstract). Overall, there was no
meaningful difference in SLEDAI score between pre- and post-
vaccine visits (3.2 versus 2.9). There were no changes in the per-
centages of patients with abnormal anti-dsDNA antibodies and/or
abnormal complement levels; likewise, the levels of C3 and C4
were similar pre- and postvaccination (Supplementary Table 1).
Nine of the 79 patients (11.4%) experienced a postvaccination
flare, with all but 1 considered to be mild/moderate (2 in new
organ systems: arthritis with no treatment and pericarditis treated
with naproxen). The severe flare was characterized by arthritis
and treated with MTX; the patient had discontinued HCQ due to
maculopathy several years prior to vaccination. Further details of
the flares are provided in Table 4.

DISCUSSION

To our knowledge, this is the first reported study focused on
patients with SLE who received full regimens of a COVID-19 vac-
cine, and overall IgG antibody responses against the SARS–
CoV-2 spike protein RBD were significantly decreased compared
to vaccinated controls, with 28.8% of patients generating
responses falling below the lowest level observed in the healthy

Table 3. Demographic information and medications of the SLE patients with lower vaccine responses (n = 26)*

Patient Age Sex Vaccine type Medication(s)

1 39 Male BNT162b2 HCQ, MMF, obinutuzumab
2 71 Female BNT162b2 MTX, abatacept
3 57 Female BNT162b2 HCQ, belimumab
4 57 Female BNT162b2 Prednisone (4 mg), HCQ, MTX, adalimumab
5 61 Female BNT162b2 HCQ, MMF
6 42 Female BNT162b2 HCQ, tacrolimus, rituximab
7 38 Female BNT162b2 Prednisone (5 mg), mycophenolic acid, tacrolimus
8 59 Female BNT162b2 Prednisone (5 mg), HCQ
9 62 Male BNT162b2 HCQ, belimumab
10 54 Female BNT162b2 HCQ
11 49 Female BNT162b2 Prednisone (3 mg), MMF, belimumab
12 53 Female BNT162b2 MMF
13 47 Female BNT162b2 Prednisone (10 mg), HCQ, MMF
14 40 Male BNT162b2 Prednisone (5 mg), HCQ, MMF
15 29 Female BNT162b2 Prednisone (2.5 mg), HCQ, MMF
16 39 Male mRNA-1273 HCQ, rituximab
17 46 Female mRNA-1273 Prednisone (5 mg), HCQ, MMF
18 35 Female mRNA-1273 HCQ, AZA, belimumab
19 66 Female mRNA-1273 Prednisone (5 mg)
20 28 Female mRNA-1273 HCQ
21 44 Female mRNA-1273 HCQ
22 41 Female mRNA-1273 Prednisone (20 mg), MMF
23 55 Female Ad26.COV2.S Prednisone (5 mg), HCQ, mycophenolic acid
24 72 Female Ad26.COV2.S None
25 27 Female Ad26.COV2.S HCQ, MMF
26 28 Male Ad26.COV2.S Prednisone (10 mg), MTX

* SLE = systemic lupus erythematosus; HCQ = hydroxychloroquine; MMF = mycophenolate mofetil; MTX = methotrexate;
AZA = azathioprine.
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controls. Receiving any immunosuppressive agent other than
antimalarials and having a normal anti-dsDNA antibody level prior
to vaccination were identified as independent predictors for poor
response to the COVID-19 vaccine. Seroreactivity to the SARS–
CoV-2 spike RBD strongly correlated with the functional SARS–
CoV-2 microneutralization assay and correlated with the ELISpot
assay. Overall, there was no change in SLEDAI score pre- and
postvaccination, with 11.4% of patients having a flare and 1.3%
of those flares being severe, supporting the relative safety of the
vaccination in SLE patients.

The finding of anti-dsDNA antibodies positively correlating
with higher responses to COVID-19 vaccination was initially unex-
pected, especially given that this finding persisted even after con-
trolling for medication use. Moreover, disease activity per se was
not associated with more effective seroreactivity. It could be
hypothesized that the presence of anti-dsDNA antibodies is a
proxy of elevated type I IFN activity in these patients. Indeed,
studies have shown that high IFNα activity in patients with SLE is
associated with the presence of disease-specific autoantibodies,
such as anti-dsDNA (18). These autoantibodies can form immune
complexes, further stimulating type I IFN production (19). Besides
their potent antiviral properties, type I IFNs induce the maturation
and activation of myeloid dendritic cells, and promote B cell survival
and differentiation into antibody-producing cells (20,21). These
considerations support the hypothesis that those with stronger
responses to theCOVID-19vaccinescould havehigherbaseline type
I IFN activity, due to its potential to enhance antibody responses to

foreign antigens. Thus, patients with anti-dsDNA antibodies, despite
receiving immunosuppressive therapy,may bemore likely to develop
a strong humoral response to the COVID-19 vaccines. Alternatively,
these analyses did not account for patient adherence to medication
or the possibility that elevated dsDNA antibodies reflects inefficacy of
immunosuppression, which might account for these findings. These
potential insightsmerit further investigation.

Given the exclusion of patients receiving immunosuppres-
sants from the regulatory vaccine studies, several groups have
already explored the influence of immunosuppressive medica-
tions on the response to vaccination. Boyarsky et al evaluated
patients with organ transplants and reported that antimetabolite
maintenance immunosuppression was associated with an absent
or reduced anti-RBD spike response after the first dose of the
vaccine (22). A follow-up study from the same group in 658 trans-
plant recipients who received the second dose of the SARS–CoV-2
mRNA vaccine showed an increase in seroreactivity in response to
the second dose; however, poor responses were associated with
antimetabolite immunosuppressive treatment (23).

Concordant with our results, several studies have shown
decreased vaccine-induced seroreactivity in patients with rheu-
matic diseases. In 123 such patients, including 24 with SLE,
those receiving MMF or rituximab were less likely to develop an
antibody response to the spike protein after the first dose of the
SARS–CoV-2 mRNA vaccine; these findings were confirmed in a
larger study of 404 patients, including 87 with SLE, after the sec-
ond dose (24,25). In an analysis of 26 patients with chronic

Table 4. SLE flares postvaccination*

Flare severity Flare type Flare details Timing of flare
Vaccine
type Treatment

Mild/moderate Pleuritis Recurrent mild pleuritis After 1st dose BNT162b2 No treatment
Mild/moderate Arthritis Recurrent mild joint pain and

swelling
After 2nd dose BNT162b2 No treatment

Mild/moderate Renal Recurrent proteinuria; urine
protein:creatinine ratio
increased from 0.8 to 1.4

After 2nd dose BNT162b2 Rituximab/tacrolimus
changed to voclosporin

Mild/moderate Oral ulcers Recurrent oral ulcers; patient
had been off of belimumab
for 3 months

After 2nd dose mRNA-1273 No treatment

Mild/moderate Pericarditis New presumed pericarditis,
EKG negative; resolved
with naproxen

After 2nd dose
(2 weeks)

BNT162b2 Naproxen

Severe Arthritis Recurrent arthritis After 2nd dose mRNA-1273 Methotrexate
Mild/moderate Thrombocytopenia Recurrent thrombocytopenia

within patient’s range
After 2nd dose BNT162b2 No treatment

Mild/moderate Arthritis New mild joint pain and
swelling

After 2nd dose BNT162b2 No treatment

Mild/moderate† Thrombocytopenia Recurrent thrombocytopenia After 2nd dose BNT162b2 No treatment
Non–SLE-related
event

COPD/asthma flare After 2nd dose BNT162b2 Treated in emergency
room with steroids,
then released

* EKG = electrocardiogram; COPD = chronic obstructive pulmonary disease.
† A patient with systemic lupus erythematosus (SLE), antiphospholipid syndrome, and end-stage renal disease was admitted 13 days after the
second vaccine dose. The patient had anticoagulation therapy temporarily withheld for a procedure, presented with shortness of breath, and
was found to have superior vena cava syndrome. The patient had a prolonged hospital course, complicated by bleeding and sepsis, and was
transitioned to hospice care and died 50 days after the second dose.
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inflammatory diseases (CIDs) that included 2 patients with SLE
who were receiving HCQ, SARS–CoV-2 antibodies were signifi-
cantly lower in patients, compared to controls, after both doses
of BNT162b2 or mRNA-1273. No patients experienced a disease
flare after both doses of the vaccine (26). A large study of
133 patients with CIDs, including 15 patients with SLE, who
received an mRNA vaccine showed that patients with CIDs had
a 3-fold reduction in anti–spike protein IgG response with B cell
depletion, glucocorticoids, and antimetabolites (27). A subse-
quent analysis of 89 patients that included 10 patients with SLE
showed that rituximab was associated with impaired serologic
response to the SARS–CoV-2 vaccine (28). Haberman et al dem-
onstrated that MTX adversely affected both the humoral and cel-
lular immune responses to COVID-19 mRNA vaccines in
patients with immune-mediated inflammatory diseases (29). A
large study from Furer et al that included 101 patients with SLE
showed that older age and treatment with glucocorticoids, rituxi-
mab, MMF, and abatacept were associated with reduced immu-
nogenicity as measured by serum IgG antibody levels against
SARS–CoV-2 spike S1/S2 proteins 2–6 weeks after vaccination
(30). Our study showed that receiving any non-antimalarial immu-
nosuppressive therapy was independently associated with
decreased response to COVID-19 vaccines in patients with SLE.

In addition to concerns regarding inefficient immune
responses to COVID vaccination, it may be the case that vaccina-
tion induces increased autoantibody production and disease
activity. As speculated by Tang et al, delivery of mRNA encoding
S protein via the vaccine, likely degraded by normal cellular pro-
cesses, could interact with a number of cytoplasmic RNA-binding
proteins involved in the posttranscriptional regulation of inflamma-
tion and result in worsening SLE (5). Similarly, RNA vaccines may
trigger Toll-like receptors, generating further production of type I
IFN, already well-recognized to be elevated in most SLE patients
(19). It has been reported that influenza vaccines triggered a tran-
sient increase in several autoantibody specificities in 72 SLE
patients, with a flare rate of 19.4% within 6 weeks postvaccina-
tion; 10 (13.9%) were mild/moderate and 4 (5.6%) were severe
(31). In a study evaluating SLE flares after immunization against
poliomyelitis, only 4 of 73 patients (5%) experienced flares (32).
In aggregate, despite apprehensions, the data presented herein
did not support significantly increased anti-dsDNA antibody pro-
duction or flares postvaccination. These results are consistent
with a recent study which showed that the majority of vaccinated
SLE patients had no change or decrease in disease activity after
COVID-19 vaccination as measured by the SLEDAI (30).

Our study has several limitations. Similar to other studies evalu-
ating potential surrogate markers for vaccine efficacy, it is premature
to assign a threshold level of protection based on either the IgG
response to the anti-RBD of SARS–CoV-2 spike protein or the
microneutralization assay given the number of controls. There was
vaccine hesitancy among patients in the NYU Lupus Cohort, in large
part due to concern regarding the potential effect on lupus activity,

and thus the patients in this study may not be fully representative of
the patients seen in our cohort. While known prior COVID-19 infec-
tionwas accounted for in all patients, it remains possible that asymp-
tomatic or mild infection occurred between prevaccine blood draw
and vaccination, which could influence subsequent seroreactivity.
While this study included 90 patients with SLE, the number of
patients receiving individual medications was too small to draw any
definitive conclusions about their effects on vaccine response in
SLE patients, and in our analyses, receiving any non-antimalarial
immunosuppressive agent was ultimately the strongest predictor of
a poor antibody response to the COVID-19 vaccines. Another limita-
tion of the work is the absence of a direct comparator of SLE flare
rates over the same time period. It also remains possible that a per-
ceived SLE flare could have been a vaccine side effect.

This study has several strengths. In contrast to previous
reports, the focus was limited to patients with SLE and assessed
the COVID-19 vaccines’ effects on lupus-specific disease activity
with availability of a validated disease index pre- and postvaccina-
tion in the majority of patients. Flares were rare, with only 1.3%
being severe. These data are reassuring and support the notion
that vaccines do not exacerbate disease activity, a finding that
should hopefully alleviate vaccine hesitancy. Our study assessed
2 surrogate markers for B cell reactivity and a surrogate for T cell–
mediated responses. Although the latter was limited to fewer
patients, it was particularly applied to evaluate those with lower
humoral responses and reinforced the concern about vaccine effi-
cacy in a subset of these individuals.

In summary, in a multiracial/multiethnic study of SLE patients
receiving a complete COVID-19 vaccine regimen, nearly 30% had
a low response. Having a normal anti-dsDNA antibody level and
taking any immunosuppressivemedication other than antimalarials
were independently associated with a decreased vaccine
response. While minimal protective antibody levels remain
unknown, these results, supported by other studies, raise con-
cerns for our lupus patients, many of whom rely on medications to
maintain low disease activity. Accordingly, the next phase of scien-
tific inquiry and advance should focus on protocols addressing
additional vaccination.Reassuringly, severedisease flaresare infre-
quent, which should encourage patients to consider vaccination.
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DDIT4 promotes gastric cancer 
proliferation and tumorigenesis 
through the p53 and MAPK pathways
Feng Du†, Lina Sun†, Yi Chu†, Tingyu Li, Chao Lei, Xin Wang, Mingzuo Jiang, Yali Min, Yuanyuan Lu*, 
Xiaodi Zhao*, Yongzhan Nie and Daiming Fan*

Abstract 

Background: Gastric cancer (GC) is one of the most common malignancies worldwide, particularly in China. DNA 
damage-inducible transcript 4 (DDIT4) is a mammalian target of rapamycin inhibitor and is induced by various cellular 
stresses; however, its critical role in GC remains poorly understood. The present study aimed to investigate the poten-
tial relationship and the underlying mechanism between DDIT4 and GC development.

Methods: We used western blotting, real-time polymerase chain reaction, and immunohistochemical or immunoflu-
orescence to determine DDIT4 expression in GC cells and tissues. High-content screening, cell counting kit-8 assays, 
colony formation, and in vivo tumorigenesis assays were performed to evaluate cell proliferation. Flow cytometry was 
used to investigate cell apoptosis and cell cycle distribution.

Results: DDIT4 was upregulated in GC cells and tissue. Furthermore, downregulating DDIT4 in GC cells inhibited 
proliferation both in vitro and in vivo and increased 5-fluorouracil-induced apoptosis and cell cycle arrest. In contrast, 
ectopic expression of DDIT4 in normal gastric epithelial cells promoted proliferation and attenuated chemosensitivity. 
Further analysis indicated that the mitogen-activated protein kinase and p53 signaling pathways were involved in the 
suppression of proliferation, and increased chemosensitivity upon DDIT4 downregulation.

Conclusion: DDIT4 promotes GC proliferation and tumorigenesis, providing new insights into the role of DDIT4 in 
the tumorigenesis of human GC.

Keywords: DNA damage-inducible transcript 4, Gastric cancer, Proliferation, Mitogen-activated protein kinase, p53

© The Author(s) 2018. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creat iveco mmons .org/
publi cdoma in/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
Gastric cancer (GC) is one of the most common malig-
nancies worldwide and remains the second leading 
cause of cancer-related death in China [1]. Despite the 
declining incidence of GC, the 5-year overall survival 
rate remains low at less than 30% [2]. Two of the major 
causes of the poor prognosis of GC are metastasis and 
multiple drug resistance, which greatly hamper the suc-
cess of treatment modalities [1]. Genetic alterations are 

generally considered to drive cancer development and 
progression, and emerging evidence indicates that the 
complex molecular heterogeneity of GC underlies most, 
if not all, of the general ineffectiveness of current chem-
otherapeutics for GC [3]. Hence, improvements in the 
treatment of GC must be developed from a better under-
standing of its elaborate regulatory network because the 
underlying molecular mechanisms of GC tumorigenesis 
remain unclear.

DNA damage-inducible transcript 4 (DDIT4), also 
known as DNA damage response 1 (REDD1) and stress-
triggered protein (RTP801), is induced by a variety of 
stress conditions, including oxidative stress, endoplasmic 
reticulum stress, hypoxia, and starvation [4]. DDIT4 pro-
tein inhibits mammalian target of rapamycin complex 1 
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(mTORC1) by stabilizing the tuberous sclerosis complex 
(TSC1–TSC2) [5]. Over the past decades, DDIT4 dys-
regulation has been observed in numerous human malig-
nancies. In prostate cancer (PC) cells, DDIT4 enhances 
CCAAT/enhancer-binding protein beta (C/EBPbeta)-
mediated autophagosome-lysosome fusion and desensi-
tizes the cells to bortezomib [6]. Additionally, baicalein 
upregulates DDIT4 and inhibits mTORC1 and the pro-
liferation of platinum-resistant cancer cells, indicating 
that DDIT4 expression has potential as a chemothera-
peutic and chemoprevention agent [7]. Although mam-
malian target of rapamycin (mTOR) pathway inhibition is 
a current strategy for the treatment of cancer [8, 9], para-
doxically, several in vitro and in vivo studies indicate that 
DDIT4 has a protective role against apoptosis [10–12]; 
DDIT4 knockdown increases dexamethasone-induced 
cell death in murine lymphocytes [10]. Additionally, 
DDIT4 expression was significantly increased in serous 
adenocarcinoma compared with other histological types, 
and this increase was positively associated with ascites 
formation and late-stage disease in ovarian cancer (OC) 
[11]. A recent in silico evaluation of the online datasets 
Kaplan–Meier plotter and SurvExpress indicated that 
high DDIT4 levels were significantly associated with a 
worse prognosis in acute myeloid leukemia, glioblas-
toma multiforme, and breast, colon, skin and lung cancer 
[12]. However, in GC, the second most common type of 
cancer in Asia in terms of incidence and cancer mortal-
ity, the clinical significance and biological role of DDIT4 
remain to be elucidated.

In the present study, we examined DDIT4 expression 
levels in GC tissue samples and cell lines, and investi-
gated the role of DDIT4 and the mechanism by which it 
is dysregulated in gastric cancer.

Methods
Cell culture and tissue collection
The human GC cell lines SGC7901, BGC823, MKN45, 
and AGS, and the immortalized gastric epithelial cell line 
GES were purchased from the Cell Resource Center of 
the Chinese Academy of Sciences, Shanghai, China. Cells 
were maintained in Dulbecco’s Modified Eagle’s Medium 
(Thermo Scientific HyClone, Beijing, China) supple-
mented with 10% fetal bovine serum (HyClone), 100 U/
mL penicillin, and 100 U/mL streptomycin (HyClone) in 
a 37  °C humidified incubator with a mixture of 95% air 
and 5%  CO2.

A total of 20 fresh primary GC samples and matched 
adjacent non-cancerous tissues were obtained from 
patients undergoing surgery at Xijing Hospital, Xi’an, 
China. All samples were confirmed by the Department of 
Pathology at Xijing Hospital and stored in a liquid nitro-
gen canister. All patients provided informed consent for 

excess specimens to be used for research purposes and all 
protocols employed in the present study were approved 
by the Medical Ethics Committee of Xijing Hospital.

Mice
Female BALB/c nude mice were provided by the Experi-
mental Animal Center of the Fourth Military Medical 
University and were housed in pathogen-free conditions. 
All animal studies complied with the Fourth Military 
Medical University animal use guidelines, and the proto-
col was approved by the Fourth Military Medical Univer-
sity Animal Care Committee.

Reagent and inhibitor
5-Fluorouracil was purchased from Sigma (Sigma-
Aldrich Corporation, Los Angeles, CA, USA), and
MAPK/ERK inhibitor (PD98059) and p53 inhibitor
(A15201) were purchased from Invitrogen (Thermo
Fisher Scientific, Cambridge, Massachusetts, USA); all
were stored according to the manufacturer’s instructions.

RNA extraction and real‑time polymerase chain reaction 
(PCR)
Total RNA was extracted from cell lines using the RNe-
asy Plus Universal Tissue Mini Kit (Qiagen, Hilden, Ger-
many) according to the manufacturer’s instructions. The 
PCR primers for DDIT4 and ACTB were synthesized by 
TaKaRa (Dalian, China). The sequences were as follows: 
DDIT4, 5′-GGA CCA AGT GTG TTT GTT GTTTG-3′ 
(Forward) and 5′-CAC CCA CCC CTT  CCT ACT CTT-3′ 
(Reverse); ACTB, 5′-TCA TGA AGT GTG ACG TTG ACA 
TCC GT- 3′ (Forward) and 5′-CCT AGA AGC ATT TGC 
GGT GCA CGA TG-3′ (Reverse). cDNA was synthesized 
using the PrimeScript RT Reagent Kit (TaKaRa, Dalian, 
China). Real-time PCR was performed using SYBR Pre-
mix Ex Taq II (TaKaRa). Fluorescence was measured 
using a LightCycler 480 system (Roche, Basel, Switzer-
land). ACTB was used as an internal control for mRNA 
analysis. Each sample was run in triplicate.

Protein extraction and western blotting
Total proteins were prepared from fresh frozen tissue or 
cultured cells in radio immunoprecipitation assay (RIPA) 
lysis and extraction buffer (Beyotime Biotechnology, 
Shanghai, China) with protease and phosphatase inhibi-
tors. Denatured proteins (20–50  mg) were separated by 
sodium dodecyl sulfate–polyacrylamide gel electropho-
resis and transferred to polyvinylidene difluoride mem-
branes. The following primary antibodies were used 
according to the manufacturer’s instructions: anti-DDIT4 
(Dilution 1:500, Abcam, Cambridge, MA, USA) and anti-
β-actin (Dilution 1:2000), anti-Ki67 (Dilution 1:1000), 
anti-p53 (Dilution 1:1000), anti-p-p53 (p-Ser6) (Dilution 
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1:1000), anti-p-p53 (p-Ser315) (Dilution 1:1000), anti-
p21Cip1 (Dilution 1:500), anti-p-p21Cip1 (p-Thr145) (Dilu-
tion 1:500), anti-MEK1 (Dilution 1:1000), anti-p-MEK1 
(p-Ser221) (Dilution 1:1000), anti-p42/44MAPK (Dilu-
tion 1:1000), and anti-p-p42/44MAPK (p-Thr202 and 
p-Tyr204) (Dilution 1:1000) (Cell Signaling Technology, 
Beverly, MA, USA). Densitometry of specific blotted 
bands was analyzed by ImageJ 1.48 software (Image-
Processing and Analysis in Java; National Institutes of 
Health, Bethesda, MD, USA; http://image j.nih.gov/), and 
the intensity values were normalized against the β-actin 
loading control.

Tissue microarray immunohistochemistry
GC tissue microarrays were purchased from Superchip 
(Shanghai, China). Each array contained 90 cases of 
paired adjacent gastric tissues and primary GC tissues. 
Immunohistochemical (IHC) staining was performed 
using anti-DDIT4 and anti-Ki67 antibodies as per the 
manufacturer’s instructions. IHC results were scored 
independently by two pathologists in a blinded man-
ner. The scoring was based on the intensity and extent 
of staining. Staining intensity was graded as follows: 0, 
negative staining; 1, weak staining; 2, moderate staining; 
and 3, strong staining. The proportion of stained cells per 
specimen was determined semi-quantitatively as follows: 
0, < 1%; 1, 1–25%; 2, 26–50%; 3, 51–75%; and 4, > 75%. 
The histological score (H-score) for each specimen was 
computed using the following formula: H-score = pro-
portion score×intensity score. The samples were further
characterized by H-score as negative (−, score: 0), weak
(+, score: 1–4), moderate (++, score: 5–8), and strong
(+++, score: 9–12). Samples with an H-score of > 4
were considered to exhibit high expression, and samples 
with an H-score of ≤ 4 were considered to exhibit low
expression.

Immunofluorescence staining
Cells were plated onto glass coverslips, fixed with 4% par-
aformaldehyde for 20  min and permeabilized with 0.1% 
Triton X-100 in PBS for 15  min. Blocking solution was 
applied at room temperature for 1 h. Rabbit anti-human 
DDIT4 primary antibody (Abcam) was applied at 4  °C 
overnight. FITC-conjugated goat anti-rabbit and Cy3-
conjugated goat anti-mouse secondary antibodies were 
incubated on the coverslips at room temperature for 2 h. 
Immunostaining signals and DAPI-stained nuclei were 
visualized at room temperature using a confocal micro-
scope (FV10i; Olympus, Tokyo, Japan) equipped with 
a 10×/0.30 numerical aperture objective lens (Olym-
pus) and Fluoview software (version 4.3; Olympus). No 
imaging medium was used. For better visualization, the 
images were adjusted using the level and brightness/

contrast tools in Photoshop according to the guidelines 
for the presentation of digital data.

Lentivirus infection
DDIT4-overexpression or sh-DDIT4 lentivirus infection 
was conducted by GeneChem (Shanghai, China). Target 
cells (1 × 105) were infected with 1 × 107 lentivirus-trans-
ducing units in the presence of 5 mg/mL polybrene. An 
empty lentiviral vector was used as a negative control. 
After transfection and antibiotic selection for 6  weeks, 
cells were collected for further investigation.

High‑content screening assay
Cells transfected with lentivirus stably expressing green 
fluorescent protein (GFP) were seeded into 96-well plates 
and treated with increasing doses of 5-FU (0, 10, 20 µg/
mL for GC cells or 0, 2, 4  µg/mL for GES cells). Cells 
were imaged every 4 h for 48 h using the Thermo Scien-
tific CellInsight CX7 High Content Analysis Platform (0, 
10, 20 µg/mL for GC cells or 0, 2, 4 µg/mL for GES cells; 
Thermo Fisher Scientific, Cambridge, Massachusetts, 
USA). Proliferation curves were plotted and analyzed 
using HCS Studio Software (Thermo Fisher Scientific).

Colony formation assays
Transfected cells were seeded in six-well plates 
(1000 cells/well). After 14–18 days of incubation to estab-
lish stable clones, cells were fixed with 70% ethanol and 
stained with crystal violet solution. Colonies containing 
greater than 50 cells were counted. The experiment was 
conducted with three independent triplicates.

Cell cycle and apoptosis assays
For cell cycle analysis, target cells were selected with 
antibiotics (penicillin–streptomycin solution) for 48  h 
after transfection as indicated, fixed in 75% ethanol, and 
stained with propidium iodide supplemented with RNase 
A (Roche, Mannheim, Germany) for 30 min at 22 °C. The 
Annexin V-FITC Apoptosis Detection Kit (Cell Signaling 
Technology, Beverly, MA, USA) was used for apoptosis 
assays. Cells (1 × 104) were stained according to the man-
ufacturer’s protocol and sorted using a fluorescence-acti-
vated cell sorting sorter (BD Biosciences, La Jolla, CA, 
USA). Data were analyzed using ModFit software (BD 
Biosciences).

In vivo tumorigenicity
BGC823 cells (5 × 105 cells in 0.2 mL of PBS) transfected
with pCMV-DDIT4 or empty pCMV were injected sub-
cutaneously into the dorsal flank of 5-week-old female 
Balb/c nude mice (five mice per group). Tumor diam-
eter was measured every 3 days for 30 days. Tumor vol-
ume  (mm3) was calculated based on the longest and 
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shortest diameters as follows: volume = (shortest diam-
eter)2 × (longest diameter) × 0.5. Thirty days after injec-
tion, all mice were killed, and the tumor xenografts were 
isolated for further analysis. All experimental animals 
were supplied by the Experimental Animal Center of the 
Fourth Military Medical University. All protocols for ani-
mal studies were approved by the Fourth Military Medi-
cal University Animal Care Committee.

Cell counting kit‑8 (CCK8) assay
For cell counting kit 8 assays, cells were seeded into 
96-well plates at a density of 1000 cells in 100 μL of com-
plete culture medium per well. At the indicated time
points, the medium was replaced with a kit solution
(TransDetect cell counting kit, Transgene, Beijing, China)
and complete culture medium at a ratio of 1:9, and the
samples were incubated for 2 h at 37  °C. The absorbance
of each sample was analyzed at 450 nm using a microtiter
plate reader (Tecan, Switzerland). The assay was repeated
in triplicate.

Phospho‑specific protein microarray analysis
Phospho-array detection was performed in coopera-
tion with Wayen Biotechnology (Shanghai, China). At 
48 h post-transfection, all treated cells were collected for 
protein extraction. Protein samples of 50  mg each were 
tagged with biotin reagent and hybridized on a Phospho-
rylation ProArray (Full Moon BioSystems, USA) using 
an Antibody Array Kit (FullMoon BioSystems, USA) for 
the detection of 248 site-specific cancer signaling phos-
pho-antibody profiles. Finally, fluorescence intensity was 
scanned by GenePix 4000B (Axon Instruments, Houston, 
USA) using GenePix Pro 6.0. The raw data were manipu-
lated using Grubbs’ method. The phosphorylation ratio 
was calculated as follows: phosphorylation ratio ¼ phos-
pho value/unphospho value.

Statistical analyses
SPSS software (version 19.0, SPSS Inc., Chicago, IL, USA) 
was used for statistical analyses. Continuous data are 
presented as the mean ± standard deviation (SD), and
Student’s unpaired t-test was utilized for comparisons 
between two groups. Frequencies of categorical variables 
were compared using the χ2 test. A P value of less than 
0.05 was considered significant.

Results
DDIT4 was upregulated in GC tissues
To determine the expression pattern of DDIT4 in GC, 
we measured DDIT4 expression in 20 pairs of GC and 
adjacent normal tissue specimens using real-time PCR 
and western blotting. DDIT4 expression was upregulated 
in 13 of 20 GC tissues compared with matched adjacent 

normal tissues (Fig.  1a). Similar to DDIT4 mRNA lev-
els, DDIT4 protein levels were increased in GC samples 
compared with their normal counterparts (Fig. 1b). Fur-
thermore, we performed IHC using a GC tissue microar-
ray containing 90 pairs of primary GC tissues and paired 
adjacent normal tissues. The IHC analysis revealed clear 
elevation of DDIT4 levels in GC tissues compared with 
the corresponding normal tissues, and DDIT4 expres-
sion was primarily located in the cytoplasm (Fig. 1c, d). 
Univariate survival analysis demonstrated that tumor 
size (P = 0.013), invasion depth (P = 0.015), lymphatic 
metastasis (P = 0.018), distant metastasis (P < 0.001), 
AJCC stage (P < 0.001), and pathological grade (P < 0.001) 
exhibit statistically significant associations with GC 
patient survival (Table 1). Taken together, DDIT4 expres-
sion was increased in GC tissues.

Increased DDIT4 in GC cells promotes proliferation 
and colony formation
To validate the expression pattern of DDIT4, we detected 
DDIT4 protein and mRNA levels in four GC cell lines 
(MKN45, AGS, SGC7901, and BGC823) and an immor-
talized gastric epithelial cell line, GES. Similar to the 
GC tissues, DDIT4 levels were significantly increased at 
both the protein and mRNA level in GC cells compared 
with GES cells (Fig.  2a, b). Moreover, immunofluores-
cence revealed that DDIT4 was mainly localized to the 
cytoplasm (Fig.  2c). To analyze biological function, we 
silenced DDIT4 in SGC7901 and BGC823 cells with a len-
tiviral vector and upregulated DDIT4 levels in GES cells 
using a DDIT4-overexpressing lentiviral vector. After 
cell transfection and antibiotic screening for 6 weeks, the 
lentiviral transfection efficiency was confirmed by real-
time PCR and western blotting. Among three shDDIT4 
vectors, shDDIT4-2 was the most effective at silencing 
DDIT4 in SGC7901 and BGC823 cells (Fig. 2d, e). In con-
trast, transfection of the DDIT4-overexpressing lentivi-
ral vector significantly upregulated DDIT4 levels in GES 
cells (Fig.  2f ). Therefore, shDDIT4-2 and the DDIT4-
overexpressing lentiviral vector were employed in the 
subsequent experiments.

Given that DDIT4 has been implicated in oncogene- and 
stress-induced DNA damage [4], we hypothesized that 
DDIT4 upregulation might be involved in the initiation and 
development of GC. To test this hypothesis, we conducted 
high-content screening assays and colony formation assays 
to determine whether DDIT4 regulates GC cell prolifera-
tion. The high-content screening assays revealed that cell 
proliferation was significantly inhibited by DDIT4 silenc-
ing in SGC7901 cells compared with the lentiviral control 
(Fig.  3a). Given that chemotherapeutics cause cytotoxic 
effects and DNA damage, we assessed whether DDIT4 
was involved in the response of GC cells to these agents. 
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Thus, we monitored SGC7901 cell proliferation after treat-
ment with 5-FU (10 or 20 µg/mL) and found that DDIT4 
downregulation suppressed proliferation in the presence 

of 5-FU (Fig. 3b, c). Consistently, colony formation assays 
revealed that DDIT4 downregulation inhibited SGC7901 
colony formation with or without 5-FU (Fig.  3d). Similar 

Fig. 1 DDIT4 expression levels in GC tissues and adjacent normal tissues. a Relative DDIT4 levels normalized to ACTB levels in GC tissues and 
adjacent normal tissues were detected by real-time polymerase chain reaction (PCR). b DDIT4 expression in GC tissues and paired normal tissues 
was determined by western blotting. c, d Immunohistochemistry revealed DDIT4 upregulation in GC tissues compared with normal tissues. DDIT4 
DNA damage-inducible transcript 4, GC gastric cancer, N normal tissue, T tumor tissue. ***P < 0.001, **P < 0.01, *P < 0.05
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to SGC7901 cells, DDIT4 downregulation in BGC823 cells 
reduced cell proliferation (Fig. 3e–g) and increased sensi-
tivity to 5-FU (Fig. 3h). In contrast, ectopic expression of 
DDIT4 promoted GES cell proliferation and colony forma-
tion (Fig. 3i, l) and attenuated the sensitivity of GES cells 
to 5-FU (Fig.  3j–l). In addition, we performed Transwell 
assays to determine whether DDIT4 regulates GC cell 
migration and invasion, but no significant difference was 
observed in cells transfected with shDDIT4 lentivirus com-
pared with the control group (Additional file 1: Figure S1). 
Taken together, these observations indicated that DDIT4 
acts as an oncogene that promotes GC cell proliferation 
and reduces chemosensitivity.

Downregulation of DDIT4 increases 5‑FU‑induced 
apoptosis but decreases 5‑FU‑induced S phase arrest in GC 
cells
Beneath the complexity and idiopathy of cancer lies a 
limited number of critical events that propel the tumor 

cell and its progeny into uncontrolled expansion and 
invasion [13]. Two such events are deregulation of apop-
tosis and the cell cycle, which together with the obliga-
tory compensatory dysregulation of proliferation provide 
a minimal “platform” necessary to support further neo-
plastic progression [13]. Thus, we performed flow cytom-
etry to determine whether DDIT4 modulates apoptosis 
and the cell cycle, which contribute to gastric carcino-
genesis. DDIT4 downregulation promoted apoptosis of 
SGC7901 cells treated with 0, 10 or 20 µg/mL 5-FU com-
pared with the negative controls (Fig.  3m). In addition, 
DDIT4 silencing in SGC7901 cells attenuated gastric 
cancer cell S phase arrest (Fig. 3n). Similarly, in BGC823 
cells, DDIT4 downregulation significantly increased GC 
cell apoptosis and reduced S phase arrest compared with 
the control (Fig. 3m, n). In contrast, DDIT4 overexpres-
sion in GES cells significantly reduced apoptosis in the 
absence and presence of 5-FU (10 or 20 µg/mL) (Fig. 3m). 
Moreover, as demonstrated by cell cycle analysis, ectopic 

Table 1 Univariate and multivariate survival analysis of 90 GC patients

RR risk ratio, 95% CI 95% confidence interval, AJCC American Joint Committee on Cancer

Variable Univariate log rank survival analysis Multivariate Cox survival analysis

RR 95% CI P value RR 95% CI P value

Age (years)

 < 60 1.000

≥ 60 1.085 0.832–1.413 0.547

Gender

 Male 1.000

 Female 1.091 0.797–1.494 0.588

Tumor size (cm)

 < 5 1.000

≥ 5 1.182 1.036–1.349 0.013 1.387 0.827–2.325 0.215

Invasion depth

 T1/2 1.000

 T3/4 1.610 1.098–2.360 0.015 1.496 0.696–3.216 0.302

Lymphatic metastasis

 N0 1.000

 N1–3 1.369 1.056–1.774 0.018 1.093 0.456–2.621 0.842

Distant metastasis

 M0 1.000

 M1 1.468 1.268–1.299 < 0.001 4.364 1.830–10.409 0.001

AJCC stage

 I/II 1.000

 III/IV 1.500 1.214–1.853 < 0.001 1.755 0.768–4.011 0.183

Pathological grade

 I/II 1.000

 III/IV 1.912 1.125–3.250 0.017 2.077 0.863–4.996 0.103

DDIT4 expression

 Low 1.000

 High 3.583 2.345–4.271 0.146
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expression of DDIT4 in GES cells drove the cell cycle into 
S phase and  G2/M phase and reduced the population of 
cells in  G1 phase compared with the control (Fig.  3n). 

Taken together, these findings indicated that DDIT4 is 
associated with 5-FU-induced apoptosis and cell cycle 
progression in GC cells in a dose-dependent manner.

Fig. 2 DDIT4 expression in GC cell lines. a, b DDIT4 protein and mRNA expression in the normal gastric cell line GES and in the GC cell lines 
MKN45, AGS, SGC7901, and BGC823. c The expression and subcellular localization of DDIT4 in GES, SGC7901, and BGC823 cells were examined by 
immunofluorescence. d, e Western blot and qRT-PCR analysis of DDIT4 expression in DDIT4-depleted SGC7901 and BGC823 cells. f Western blot and 
qRT-PCR analysis of DDIT4 expression in DDIT4-overexpressing GES cells. ***P < 0.001, **P < 0.01, *P < 0.05
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DDIT4 silencing inhibits GC cell tumorigenesis in vivo
To investigate the effect of DDIT4 on GC tumorigenic 
behavior in  vivo, we conducted tumorigenicity assays 

in nude mice by subcutaneously injecting BGC823 cells 
stably expressing shDDIT4 or scrambled control shRNA 
into the dorsal flank of several mice. DDIT4 depletion 

Fig. 3 Effect of DDIT4 silencing and overexpression on GC cell proliferation, apoptosis and cell cycle progression in vitro. a–c SGC7901 cell 
proliferation rate in response to 0, 10, and 20 µg/mL 5-FU was determined by high-content proliferation assays at various time points. d 
Representative images of SGC7901 cell colony formation after treatment with 0, 10, or 20 µg/mL 5-FU. The number of colonies was calculated, and 
the results are depicted in the bar chart. e–g BGC823 cell proliferation rate. h BGC823 cell colony formation assay. i–k GES cell proliferation rate. 
l GES cell colony formation assay. m Apoptosis in SGC7901, BGC823, and GES cells in response to 0, 10, or 20 µg/mL 5-FU as determined by flow 
cytometry. n Cell cycle distribution of SGC7901, BGC823, and GES cells treated with 0, 10, or 20 µg/mL 5-FU. ***P < 0.001, **P < 0.01, *P < 0.05

	 44	



Du et al. Cancer Commun  (2018) 38:45 

resulted in a significant reduction in tumor growth 
(Fig.  4a). DDIT4-knockdown tumors grew significantly 
slower (Fig.  4b) and weighed significantly less on aver-
age (Fig.  4c, d) compared with control tumors. Fur-
thermore, we used western blotting and IHC to detect 
DDIT4 expression in xenografts and validated the lower 
DDIT4 levels in DDIT4-knockdown tumors compared 
with control tumors (Fig.  4e, f ). Finally, we observed a 
reduced Ki67 (proliferation marker)-positivity rate in 
tumor tissues in the DDIT4-knockdown group compared 
with the control group (Fig.  4f ). Taken together, these 
observations indicated that DDIT4 promotes GC growth 
in  vivo and might function as an oncogene in gastric 
carcinogenesis.

DDIT4 downregulation inhibits GC cell proliferation 
through the MAPK and p53 pathways
To understand the molecular mechanism underlying 
GC growth regulation by DDIT4, we utilized phospho-
array assays that detect 131 phosphorylation sites in 12 
critical cancer signaling molecules (Additional file  2: 
Table  S1). Given that DDIT4 acts as a negative regu-
lator of mTOR, we first examined the activity of the 
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/
AKTkt/mTOR pathway in GC cells upon DDIT4 down-
regulation. Phospho-array assays revealed that the PI3K/
AKT/mTOR pathway did not exhibit significant changes 
in DDIT4-knockdown cells (data not shown). Western 
blotting assays confirmed this observation (Fig. 5a), indi-
cating that DDIT4 might activate other signaling path-
ways in GC cells. To uncover the molecular mechanism 
underlying GC growth regulation by DDIT4, we assessed 
MAPK and p53 signaling pathways in DDIT4-downregu-
lated GC cells. In contrast to the PI3K/AKT/mTOR path-
way, obvious alterations in the MAPK and p53 signaling 
pathways were observed (Fig. 5b). Anti-apoptotic BCL-2 
levels were reduced, whereas pro-apoptotic BAD and 
proliferation-suppressive  p21Cip1 levels were increased in 
DDIT4-downregulated cells (Fig.  5b). To further exam-
ine the effect of blocking the MAPK and p53 signaling 
pathways on gastric cancer cell proliferation following 
DDIT4 knockdown, we performed rescue experiments 
by blocking the MAPK and p53 signaling pathways using 
a MAPK/ERK inhibitor (PD98059) and a p53 inhibitor 
(A15201) in DDIT4-knockdown cells. MAPK and p53 
inhibition abolished the BCL-2 suppression and  p21Cip1 
elevation that was induced by DDIT4 downregulation 
(Fig. 5c). Consistent with western blot assays, the CCK8 
assays indicated that MAPK and p53 inhibition restored 
GC cell proliferation, which was suppressed by DDIT4 
knockdown (Fig.  5d). Taken together, these findings 
indicated that the MAPK and p53 signaling pathways 

might play a critical role in DDIT4-mediated GC cell 
proliferation.

Discussion
Our study suggests that DDIT4 is an important regula-
tor that is markedly upregulated in GC tissues and cells, 
and that knockdown of DDIT4 suppresses the prolif-
eration and tumorigenicity of GC cells both in vitro and 
in  vivo. In addition, DDIT4 is attributed to chemother-
apy-induced apoptosis and S phase arrest in GC cells. 
Mechanically, the proliferation-suppressive and chemo-
sensitive effect of DDIT4 downregulation might be asso-
ciated with activation of the p53 and MAPK signaling 
pathways.

GC currently poses a tremendous health burden on 
communities worldwide and is thought to result from a 
combined attack of environmental factors and genetic 
alterations [14, 15]. Among these factors, oncogene 
activation triggers replication stress and DNA damage, 
thereby increasing genome instability [16]. Additionally, 
the transient and long-term lack of nutrients, oxygen, 
and growth factors causes GC cells to be subject to fre-
quent metabolic stress [17]. Thus, most GC cells display 
oncogene- or adverse environment-induced DNA dam-
age [18]. DDIT4, a DNA damage-inducible transcript, 
is transcriptionally upregulated in multiple settings of 
DNA damage [4]. Notably, recent studies highlighted the 
important roles of DDIT4 in various types of human can-
cer [6, 19, 20]. In breast cancer, DDIT4 acts as a tumor-
suppressor to regulate miR-495-mediated oncogenesis 
and hypoxia resistance [19]. Friedman et al. reported that 
DDIT4 enhances C/EBPbeta mediated autophagosome-
lysosome fusion and desensitized PC cells to bortezomib 
[6]. In contrast, a positive correlation between DDIT4 
and p-AKT was identified in ovarian cancer (OC), 
and DDIT4 expression in OC tissues was significantly 
increased in patients with serous adenocarcinoma and 
late FIGO stage [11], indicating that DDIT4 might be a 
tumor promotor in OC. These above findings demon-
strated context-dependent regulation of DDIT4 in tumo-
rigenesis and progression. However, whether and how 
DDIT4 plays critical roles in GC, which is characterized 
by frequent DNA damage, remains largely unknown. In 
the present study, we detected DDIT4 expression in GC 
tissues and cell lines, and found that DDIT4 was signifi-
cantly upregulated in GC tissues and cell lines. In subse-
quent loss- and gain-of-function analyses, we observed 
that overexpression of DDIT4 promoted GES cell prolif-
eration, whereas knockdown of DDIT4 suppressed GC 
cell proliferation both in  vitro and in  vivo. Therefore, 
our results demonstrated that DDIT4 is a proliferation-
promoting and oncogenic protein in GC cells. Moreo-
ver, several lines of evidence demonstrate that DDIT4 
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Fig. 4 DDIT4 depletion inhibited GC xenograft tumor growth in vivo. a BGC823 cells stably expressing si-DDIT4 or scrambled control siRNA were 
subcutaneously injected into nude mice. DDIT4-silenced BGC823 cells formed smaller tumors compared with cells expressing the scrambled 
control after 4 weeks. b Tumor growth curves. c Representative images of xenograft tumors. d Tumor weight. e DDIT4 expression in xenograft 
tumors was determined by western blot. f HE and immunohistochemical staining for DDIT4 and Ki67 in xenograft tumors. ***P < 0.001, **P < 0.01, 
*P < 0.05
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is involved in anti-tumor chemotherapeutic treatment. 
For example, baicalein upregulates DDIT4 and causes 
mTORC1 and growth inhibition in platinum-resistant 
cancer cells [7]. Melatonin enhances arsenic trioxide-
induced cell death via sustained upregulation of DDIT4 
expression in breast cancer cells [21]. DDIT4 expression 
is an independent prognostic factor for triple-negative 
breast cancer resistant to neoadjuvant chemotherapy 
[12]. Here, we investigated the role of DDIT4 in response 
to increasing concentrations of 5-FU. We found that 
DDIT4 did not alter apoptosis and the cell cycle of GC 
cells in the absence of 5-FU but reduced apoptotic rate 
and S phase arrest in GES cells. In contrast, downregu-
lation of DDIT4 in GC cells increased cell apoptosis and 
S phase arrest. Collectively, our findings indicated that 
DDIT4 might contribute to GC development and chemo-
sensitivity, suggesting that inhibiting DDIT4-mediated 
apoptosis and cell cycle arrest can lead to a greater apop-
totic response and retard the cell cycle, thereby potenti-
ating the efficacy of the chemotherapeutic agents against 
cancer.

Pinto et al. [12] demonstrated with an analysis in KM-
Plotter that DDIT4 expression over the median is a pro-
tective factor for time to first progression (HR = 0.62; 95% 
CI 0.5–0.75, P = 1.7 × 10−6). However, analysis of the data
downloaded from The Cancer Genome Atlas (TCGA) 
for gastric adenocarcinoma did not reveal differences in 
survival when comparing two groups with low and high 
DDIT4 expression (P-value in the log rank test of 0.999) 
[12]. In our study, we found that DDIT4 expression was 
increased in GC and that it functioned as an oncogene. 
In addition, univariate survival analysis revealed that 
DDIT4 did not exhibit statistically significant associa-
tions with GC patient survival, which is consistent with 
TCGA analysis for gastric adenocarcinoma. The incon-
sistencies of the evaluation of DDIT4 implied that the 
prognostic value of DDIT4 requires further investigation.

Reversible protein phosphorylation is one of the most 
important biological mechanisms for signal transduc-
tion, which is tightly regulated by protein kinases and 
phosphatases to maintain the balance of the protein’s 
phosphorylation status and control its biological func-
tions [22]. Accumulating evidence indicates that per-
turbation of this balance contributes to the origin and 
pathogenesis of several human diseases. In cigarette 

smoke-induced pulmonary injury and emphysema, 
DDIT4 is necessary and sufficient for nuclear factor-
kappaB (NF-kappaB) activation, and promoted alveolar 
inflammation, oxidative stress and apoptosis in alveolar 
septal cells [23]. DDIT4 promotes protein phosphatase 
2A (PP2A)-dependent de-phosphorylation of AKT on 
Thr (308) but not on Ser (473) for phosphorylation of 
TSC2 [24]. Moreover, DDIT4 displays critical roles in 
hypoxia-inducible factor-1 (HIF-1) and p53 pathway 
crosstalk [4, 25]. However, the specific oncogenic path-
way regulated by DDIT4 under different conditions 
remains unclear. In our study, we explored the mecha-
nistic basis for DDIT4-mediated regulation of GC cells 
using phospho-antibody microarray-based proteomic 
analysis and found that the proliferation-suppressive and 
chemosensitive effect of DDIT4 downregulation might be 
associated with activation of the MAPK signaling path-
way, resulting in subsequent phosphorylation of BCL-2 
(p-Ser70), which inhibits cell proliferation and induces 
apoptosis. Consistent with previous studies, we demon-
strated that the MAPK pathway is frequently activated in 
human cancers, leading to malignant phenotypes such as 
autonomous cellular proliferation [26]. In addition to the 
MAPK signaling pathway, extensive studies have demon-
strated that the p53 tumor suppressor protein preserves 
genome integrity by regulating growth arrest and apop-
tosis in response to DNA damage [27–29]. This notion is 
further supported by our data demonstrating that DDIT4 
regulated the activation of multiple pro-apoptotic and 
growth-suppressive proteins, including p53. The p53 pro-
tein displayed a dual change in its phosphorylation state 
in DDIT4-knockdown cells compared with negative con-
trols, as follows: (1) downregulation of phosphorylation 
at Ser6, which induces apoptosis; and (2) upregulation of 
phosphorylation at Ser315, leading to phosphorylation of 
 p21Cis1 (p-Thr145), which rescues cells from apoptosis. 
Thus, in our study, we identified multiple pro-apoptotic 
and growth-suppressive proteins of which the phospho-
rylation and activation levels were regulated by DDIT4 in 
GC cells.

Conclusions
In summary, our results demonstrated that DDIT4 pro-
moted the tumorigenicity of gastric cancer cells by facili-
tating proliferation and colony formation and alleviating 

(See figure on next page.)
Fig. 5 Downregulation of DDIT4 activates the mitogen-activated protein kinase (MAPK) and p53 pathways in GC cells. a The total and 
phosphorylated levels of AKT, mTOR and 4EBP1 in DDIT4-silenced and DDIT4-overexpressing cells were examined by western blot. b The total and 
phosphorylated levels of MEK1, P42/44-MAPK, BCL-1, BAD, p53, and  p21Cip1 in DDIT4-silenced and DDIT4-overexpressing cells were examined by 
western blot. c, d SGC7901 and BGC823 cells were infected shDDIT4 lentivirus and then were treated with inhibitors specific to p53 (A15201) or 
MAPK (PD98059). c The protein expression levels of phosphorylated and total ERK, BCL-2, p53 and  p21Cip1 were analyzed by western blot. d Cell 
proliferation was analyzed by CCK8 assay
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5-FU-induced apoptosis through the p53 and MAPK
pathways. The mouse model experiment further demon-
strated that DDIT4 downregulation significantly inhib-
ited tumor growth in  vivo. Taken together, our results
suggest that DDIT4 may function as an oncogene in gas-
tric cancer, providing a promising therapeutic strategy
for GC treatment.
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Combined targeting of G protein-coupled receptor
and EGF receptor signaling overcomes resistance to
PI3K pathway inhibitors in PTEN-null triple
negative breast cancer
Davide Zecchin1, Christopher Moore1, Fanourios Michailidis1, Stuart Horswell2, Sareena Rana1,3,

Michael Howell4 & Julian Downward1,3,*

Abstract

Triple-negative breast cancer (TNBC) has poorer prognosis compared
to other types of breast cancers due to the lack of effective therapies
and markers for patient stratification. Loss of PTEN tumor suppres-
sor gene expression is a frequent event in TNBC, resulting in over-
activation of the PI 3-kinase (PI3K) pathway and sensitivity to its
inhibition. However, PI3K pathway inhibitors show limited efficacy
as monotherapies on these tumors. We report a whole-genome
screen to identify targets whose inhibition enhanced the effects of
different PI3K pathway inhibitors on PTEN-null TNBC. This identified
a signaling network that relies on both the G protein-coupled recep-
tor for thrombin (PAR1/F2R) and downstream G protein bc subunits
and also epidermal growth factor receptor (EGFR) for the activation
of the PI3K isoform p110b and AKT. Compensation mechanisms
involving these two branches of the pathway could bypass PI3K
blockade, but combination targeting of both EGFR and PI3Kb
suppressed ribosomal protein S6 phosphorylation and exerted anti-
tumor activity both in vitro and in vivo, suggesting a new potential
therapeutic strategy for PTEN-null TNBC.
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Introduction

Triple-negative breast cancer (TNBC) is defined by the lack of

expression of the actionable markers estrogen receptor (ER),

progesterone receptor (PR), and human epidermal growth factor

receptor 2 (HER2). It accounts for about 15% of all breast cancer.

There are no targeted therapies currently available in the clinic

for the treatment of TNBC besides chemotherapy (Chacon & Cost-

anzo, 2010; Bianchini et al, 2016). Despite being chemosensitive,

TNBC is characterized by a short time to progression and by the

poorest prognosis among the other subtypes of breast cancers

(Liedtke et al, 2008). The aggressiveness and heterogeneity of this

disease, together with the current paucity of therapeutic options,

suggests a need for new molecular markers for patient stratifi-

cation and new targeting approaches for the treatment of TNBC.

PTEN deficiency occurs in up to 35% of TNBC (Cancer

Genome Atlas Network, 2012), representing one of the most

commonly altered tumor suppressor genes in this subtype of

cancer. PTEN is a lipid phosphatase that dephosphorylates PtdIns

(3,4,5)P3 to form PtdIns(4,5)P2 and counteracts the enzymatic

activity of PI3K (Maehama & Dixon, 1998). Loss of PTEN results

in accumulation of PtdIns(3,4,5)P3 at the inner surface of the

plasma membrane and over-activation of AKT (Stambolic et al,

1998; Haddadi et al, 2018). Consistently with its effect at the

signaling level, PTEN-deficient TNBCs show up-regulation of

markers of activation of PI3K pathway, such as phospho-AKT

(both Thr308 and Ser473), phospho-mTOR, phospho-p70S6K, phos-

pho-S6, and phospho-4EBP1 (Stemke-Hale et al, 2008; Cancer

Genome Atlas Network, 2012). Pre-clinical evidence also showed

that PTEN-null tumors, including breast cancers, are sensitive to

the inhibition of PI3K pathway and in particular to the targeting

of specific nodes of the signaling route, such as the b isoform of

PI3K (Jia et al, 2008; Wee et al, 2008; Hancox et al, 2015) and

AKT (Chen et al, 2006; Vasudevan et al, 2009; Sangai et al,

2012).

Drugs targeting multiple components of the PI3K pathway,

including PI3Kb and AKT inhibitors, are in clinical trials (reviewed

in (Janku et al, 2018)) and may represent a rational therapeutic
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opportunity to treat the subgroup of TNBCs characterized by PTEN

deficiency (Delaloge & DeForceville, 2017). The success obtained

employing PI3K isoform-specific inhibitors in the treatment of

relapsed chronic lymphocytic leukemia (CLL) (Furman et al, 2014),

relapsed indolent lymphoma (Gopal et al, 2014), and PIK3CA-

mutant breast cancers (Juric et al, 2018a,b) demonstrated the clini-

cal potential of inhibiting specific nodes of PI3K signaling in patients

selected based on cancer type and biomarkers. However, apart from

those specific contexts, PI3K pathway inhibitors generally delivered

only modest effects in the clinical setting (Janku et al, 2018), and no

clear evidence of benefits for PTEN-deficient tumor patients has

been reported so far (Kim et al, 2017; Martin et al, 2017). While

pre-clinical data indicate the requirement for PI3K pathway activity

for the survival and proliferation of PTEN-null TNBC cells, clinical

evidence suggests the need to inhibit additional targets to

enhance the effect of PI3K pathway inhibitors, widen their therapeu-

tic window, reduce their toxicity, and produce a sustained anti-

tumor effect.

We set out to interrogate the whole genome to identify additional

targets whose inhibition might synergize with inhibitors of the PI3K

pathway. We focused on drugs affecting different nodes of the PI3K

pathway, with particular attention to PI3Kb isoform, pan-PI3K and

AKT inhibitors. Our investigation revealed a previously unappreci-

ated complexity of compensation mechanisms that impairs the

response to PI3K pathway inhibitors in PTEN-deficient TNBC. This

knowledge has paved the way to the rational design of possible

combinatorial targeting strategies for the effective treatment of this

type of cancer.

Results

A whole-genome shRNA screen identified EGFR inhibition as
enhancer of the response to PI3K pathway inhibitors in
triple-negative breast cancer cells

A number of pre-clinical models showed that PTEN-deficient cancer

cells are sensitive to inhibition of PI3K pathway, and this was

particularly clear when p110b or AKT were selectively targeted

(Chen et al, 2006; Jia et al, 2008; Wee et al, 2008; Vasudevan et al,

2009). However, in most of the cases, PI3K pathway inhibitors only

partially impaired the proliferation of PTEN-null cancer cells

(Fig EV1A). In order to identify genes whose silencing could

enhance the effect of PI3K and AKT inhibitors, we performed a

whole-genome short hairpin (sh) RNA interference screen in combi-

nation with drugs targeting the PI3K pathway, including an isoform-

specific p110b/d inhibitor (AZD8186), a pan-PI3K class I inhibitor

(GDC0941), and an AKT inhibitor (MK2206). AZD8186 inhibits with

high affinity both p110b and p110d isoforms (IC50 = 4 nM for

p110b and 12 nM for p110d). However, PTEN-null triple-negative

human breast cancer (TNBC) cells, the main focus of our study, do

not express appreciable levels of p110d, as shown by comparing

expression levels of the genes encoding p110 isoforms in these cells

and in B-cell acute lymphoblastic leukemia lines (Fig EV1B,

https://portals.broadinstitute.org/ccle), that express all p110

isoforms (Thorpe et al, 2015). It is therefore likely that the effects

observed following treatment by AZD8186 in PTEN-null TNBC cell

lines are due to targeting of p110b, rather than p110d.

▸Figure 1. A short-hairpin screening identified hits whose inhibition enhanced the effect of PI3K pathway inhibitors on PTEN-deficient triple-negative
breast cancers.

A Schematic representation of the shRNA screening aimed to identify genes whose knock-down enhanced the anti-proliferative effects of AZD8186 (PI3Kbi), GDC0941
(pan-PI3Ki), or MK2206 (AKTi) on the PTEN-null cell line MDA-MB-468. The shRNAs directed against the transcripts of three genes are shown in three different
colors. shRNAs against gene 1 are depleted in the vehicle-treated condition compared to time 0, and they most likely target an essential gene. shRNAs against the
transcripts of gene 2 are unchanged in all conditions, while shRNAs silencing gene 3 are selectively depleted in the AZD8186-selected cells compared to vehicle and
their abundance is not affected by the 2-week long culture with vehicle. Gene 3 is a good candidate for inhibition in combination with AZD8186.

B Dot-plot showing the fold change (log2) in number of reads between vehicle- and AZD8186-treated conditions vs the P-value of the difference between the two
treatment conditions for each shRNA. 9 out of 18 shRNAs targeting EGFR showed a P-value < 0.2 and are highlighted in the plot. The plot was generated
considering the results from biological triplicate of the experiment.

C, D MDA-MB-468 was infected with the indicated shRNAs targeting EGFR and selected by puromycin. EGFR mRNA was then measured by RT–qPCR (C), and cell
viability was measured after 4 days of treatment with serial dilutions of AZD8186 (D). Average � SD of triplicates and representative of three independent
experiments.

E, F MDA-MB-468 was treated with serial dilutions of gefitinib (E) or lapatinib (F) in the presence of vehicle, AZD8186 (0.25 lM), GDC0941 (0.25 lM), or MK2206
(0.45 lM), as indicated. Cell viability was measured after 4 days and normalized within each of the PI3K pathway inhibitor-treated condition to the viability in the
absence of gefitinib or lapatinib. Average � SD of triplicates and representative of two independent experiments.

G Viability of six PTEN-null vs five PTEN-WT TNBC cell lines—not carrying other known mutations in PIK3CA, PIK3CB, or PIK3R1 genes—treated with PI3Kbi (AZD8186
90 nM), EGFRi (gefitinib 3 lM) alone, or in combination for 6 days. Mean of 3 independent experiments � SD. Statistical significance of two-tailed unpaired
student t-test in PTEN-null PI3Kbi vs PI3Kbi + EGFRi **P = 0.0059, PTEN-null EGFRi vs PI3Kbi + EGFRi **P = 0.0047, PTEN-null PI3Kbi + EGFRi vs PTEN-WT
PI3Kbi + EGFRi *P = 0.0459, PTEN-WT PI3Kbi vs PI3Kbi + EGFRi *P = 0.0108, PTEN-WT EGFRi vs PI3Kbi + EGFRi n.s. P = 0.1926. PTEN-null cell lines used in the
experiments were as follows: MDA-MB-468, HCC70, HCC1937, HCC38, HCC1395, and BT-549; PTEN-WT cell lines were as follows: MDA-MB-157, MDA-MB-231,
HCC1187, HCC1428, and HCC1806.

H Synergy score for combinations of serial dilutions of PI3Kbi (AZD8186) plus EGFRi (gefitinib) tested on six PTEN-null and five PTEN-WT TNBC cell lines for 6 days in
three independent experiments. The score was obtained analyzing the viability data through the software Chalice Analyser. Mean of the synergy scores � SD.
Statistical significance of Mann–Whitney two-tailed test *P = 0.0303.

I Patient samples from METABRIC dataset classified as TNBCs were assigned to the groups “PTEN-low” when falling in the lower quartile for PTEN expression,
“PTEN-mut” when harboring a non-synonymous mutation on PTEN gene, “PTEN-WT” in all other cases. Comparison of the expression of EGFR between the PTEN
low or mut and the PTEN-WT groups. Data presented in a box and whisker plot with the central band indicating the median, the upper, and lower extremes of the
box or hinge being the third and first quartiles, respectively, and the whiskers extending to the most extreme data values. Mean � SD. P-value calculated by
unpaired t test.

Source data are available online for this figure.
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As a cellular model, we employed the PTEN-deficient TNBC cell

line MDA-MB-468. Also, EGFR is genetically amplified and overex-

pressed in this cell line, recapitulating molecular features of a

significant fraction of TNBCs (Reis-Filho et al, 2006; Reis-Filho &

Tutt, 2008; Gumuskaya et al, 2010; Shao et al, 2011; Martin et al,

2012; Park et al, 2014; Nakai et al, 2016). MDA-MB-468 exhibited

average sensitivity to PI3K pathway inhibitors compared to other

cell lines with similar genetic alterations and origin (Fig EV1A).

The cancer cells were infected with a library of lentiviral vectors

expressing shRNAs targeting most of the genes encoded by the

human genome (around 16,000 genes) in combination with either

vehicle, AZD8186, GDC0941, or MK2206 treatments (Fig 1A).

AZD8186 was employed at a concentration that selectively targeted

p110b over p110a (Schwartz et al, 2015). Similar to AZD8186, also

GDC0941, and MK2206 were used at concentrations close to the

IC30 for MDA-MB-468 cells (Fig EV1C), in order to allow the

A

C

G H I

D E F

B

Figure 1.
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silencing of specific genes to show synergistic effects in combina-

tion with the drugs.

After 14 days of drug selection, the genomic DNA of cells in dif-

ferent treatment conditions was extracted and sequenced to evaluate

the relative abundance of the different shRNA species within the

cellular populations. We initially filtered genes for which at least

two shRNAs were selectively depleted in the treated compared to

untreated condition (see Materials and Methods) and these genes

were then ranked based on the effect (lowest treatment/control

reads ratio) of their second-best performing shRNA (Table EV1). We

identified nine shRNAs targeting EGFR that were consistently

depleted in the AZD8186-treated condition compared to the vehicle

control (Fig 1B), and the EGFR gene ranked within the top 1%

candidates in all treatment conditions (Table EV1). We validated

our findings by infecting MDA-MB-468 with three shRNAs targeting

EGFR and previously included in the shRNA screening. Only two

shRNAs were able to effectively silence the expression of EGFR

(Fig 1C), and those two shRNAs were the ones showing a combina-

tion effect with AZD8186 treatment in impairing the proliferation of

MDA-MB-468 (Fig 1D).

Next, we validated the cooperation between PI3K pathway and

EGFR inhibition by the use of EGFR-targeted drugs. We observed

increased activity in MDA-MB-468 for different EGFR inhibitors,

including small molecules gefitinib, lapatinib, erlotinib, and the

monoclonal antibody cetuximab, in the presence of AZD8186, but

also in the presence of other inhibitors of PI3K pathway such as

GDC0941 or MK2206 compared to vehicle control (Figs 1E and F

and EV1D). It is noticeable that both genetic and pharmacological

suppression of EGFR in MDA-MB-468 exerted only marginal anti-

proliferative effect on its own. This is in line with the lack of

response to EGFR inhibitors observed in clinical trials in triple-nega-

tive breast cancers (von Minckwitz et al, 2005; Dickler et al, 2008;

Carey et al, 2012; Yardley et al, 2016). We also extended our find-

ings using a panel of TNBC cell lines, comparing the effect of drug

combinations on PTEN-deficient and PTEN-WT cell lines. All cell

lines employed in these experiments did not harbor any known

mutation in PIK3CA, PIK3CB, PIK3R1, or KRAS that may confound

or modify the response to those drugs (COSMIC database). The

combination of gefitinib and AZD8186, MK2206, or GDC0941 coop-

eratively reduced the cell viability in the panel of PTEN-null cells,

while their effect on PTEN-WT models was considerably more

limited (Figs 1G and, EV1E and F). Consistently, a higher synergistic

score for the drug combination including AZD8186 and gefitinib

was calculated in PTEN-deficient cell lines compared to WT

(Fig 1H), showing that this combinatorial regimen is especially

effective in a PTEN-null genetic background for triple-negative

breast cancers. We also tested the combination of BYL719 (a p110a
isoform-selective inhibitor) and gefitinib on three PTEN-null and

three PTEN WT TNBC cell lines. In contrast to the combination with

AZD8186, BYL719 combined with gefitinib did not produce any

genotype-selective anti-proliferative effect on the PTEN-deficient cell

lines, confirming that AZD8186 exerted its function by inhibiting

p110b rather than p110a (Fig EV1G).

In order to test the relevance of our findings in patient samples,

we asked whether EGFR was differentially expressed depending on

PTEN status in the triple-negative breast cancer samples of the

METABRIC database. We found that samples showing low expres-

sion and/or non-synonymous mutation of PTEN had statistically

significant higher expression of EGFR compared to samples express-

ing higher level of WT PTEN (Fig 1I).

Through the analysis of the shRNA screening data, we also iden-

tified multiple shRNAs targeting the casein kinase 2 (CK2) compo-

nents CSNK2B and CSNK2A2 as being depleted in the AZD8186-

treated condition compared to vehicle (Fig EV1H). Those genes

encode the regulatory (b) and one of the catalytic (a0) subunits of

CK2 holoenzyme, respectively. The knock-down of CSNK2B by

three of the shRNAs included in the screening showed a correlation

between the degree of transcript down-regulation (Fig EV1I) and the

enhancement of AZD8186 activity (Fig EV1J) in MDA-MB-468 cells,

validating the results of the screening. We further confirmed those

data by the use of CX-4945, a CK2 targeted kinase inhibitor

(Fig EV1K). We observed that CX-4945 cooperatively reduced cell

viability when combined with AZD8186, GDC0941, or MK2206 in a

panel of PTEN-deficient TNBC cell lines, while the same effect was

not found in PTEN-WT TNBC cells (Fig EV1L–N). Altogether, these

data showed that EGFR or CK2 inhibition can potentiate the activity

of PI3K pathway inhibitors selectively on those TNBCs lacking func-

tional PTEN.

Combinatorial targeting of PI3Kb isoform and EGFR exerts
anti-tumor effects on PTEN-null TNBC in vivo

We reasoned that simultaneous and specific inhibition of PI3Kb
isoform and EGFR may lead to a sustained synergistic anti-tumor

effect also in vivo with a well-tolerated toxicity profile. This

approach might be more tolerable than targeting both p110a and

p110b using pan-PI3K inhibitors or inhibiting the downstream

master regulator AKT. We evaluated the in vivo efficacy and the

toxicity of the combination of AZD8186 and erlotinib on mice

injected orthotopically in the mammary fat pads with the human

cancer cells MDA-MB-468 or HCC70. These two cell lines both

express high levels of EGFR, and they show different degree of

sensitivity to AZD8186, GDC0941, and MK2206 in vitro (Fig EV1A).

We observed in all cases no effect or only partial tumor growth inhi-

bition for the single drug treatments. This was the case also for mice

transplanted with HCC70, although those cells had previously

shown higher sensitivity in vitro to AZD8186-mediated inhibition.

The combination prevented tumor growth in MDA-MB-468 xeno-

grafts (Figs 2A and EV2A) and induced regression in HCC70 tumors

(Fig 2B and C). The body weight of treated mice did not signifi-

cantly change during single or combined treatments (Fig 2D), and

no other signs of toxicity were detected, suggesting that the drug

combination can be well tolerated in vivo.

Next, we asked whether the combined inhibition of PI3Kb and

EGFR may prove effective also in an immunocompetent context. We

took advantage of a Wap-cre:Ptenfl/fl:Tp53fl/fl mouse model in which

the expression of Cre by the Wap promoter drives the conditional

inactivation of Pten and Tp53 floxed alleles in the alveolar epithelial

cells of the mammary glands of late pregnant and lactating female

mice (Wagner et al, 1997). This, in turn, has been reported to induce

the formation of triple-negative-like breast tumors with hyper-acti-

vated AKT signal and with an average latency of 9.8 months (Liu

et al, 2014). We recreated the same genetic make-up in pure

C57BL6/J background, in order to isolate tumors and derive cell

lines that could be re-transplanted in the fourth mammary gland fat

pad of immune-competent, syngeneic recipients. This strategy
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allowed the generation of large cohorts of immune-competent mice

harboring well-localized and synchronized transplanted tumors that

could be challenged with different drug treatments.

We derived cell lines from a PTEN- and TP53-negative, EGFR-

positive primary mammary tumor that developed in a Wap-cre:

Ptenfl/fl:Tp53fl/fl mouse and that was histologically classified as a

carcinosarcoma resembling a spindle-cell, triple-negative type of

tumor that can be found in the human breast (Fig EV2B). These

cells showed a combinatorial response in vitro to treatment with

AZD8186 and gefitinib (Fig EV2C), validating previous data

obtained in human cancer cell lines. One of those clones was trans-

planted in the mammary fat pad of C57BL6/J female mice, and we

observed engraftment of the injected cells in more than 95% of the

cases. All mice were treated with vehicle, AZD8186, erlotinib, or a

combination of the two drugs soon after engraftment of the cells

(Fig EV2D). However, 2/3 of transplanted mice underwent

spontaneous tumor regression in the vehicle group. Single drug

treatments were not effective in preventing the escape of a fraction

of the treated tumors, while all tumors treated with combined

AZD8186 and erlotinib showed clear regression.

We then selected out from a cohort of transplanted mice those

tumors that were able to escape spontaneous regression,and we

observed that the combined treatment with AZD8186 and erlotinib

completely prevented the further aggressive growth of those

isografts (Fig 2E). These results show that the combined inhibition

of PI3Kb and EGFR exerts anti-tumor effect on aggressive PTEN and

TP53-null triple-negative-like breast tumor growth also in immune-

competent models. Confirmation of anti-tumor activity and lack of

toxicity for the drug combination in both immune-suppressed and

immune-competent recipients also makes unlikely that AZD8186

(p110b/d inhibitor) exerts its effects by targeting p110d in the

immune cell compartment.

A B C

D E

Figure 2. Anti-tumor effects of combinatorial inhibition of PI3Kb and EGFR on triple-negative breast cancers in vivo.

A Tumor volume of MDA-MB-468 mammary fat-pad xenografts treated with vehicle, AZD8186 (50 mg/kg, og twice/day), erlotinib (50 mg/kg IP once/day) alone, or in
combination (5–6 mice per group, mean � SEM). Statistical significance of two-way ANOVA statistical test **P = 0.0028 and ***P < 0.0001.

B Tumor volume of HCC-70 mammary fat-pad xenografts treated with vehicle, AZD8186 (150 mg/kg, og once/day), erlotinib (50 mg/kg IP once/day) alone, or in
combination (6–7 mice per group, mean � SEM). Growth curves were compared using two-way ANOVA statistical test. Statistical significance of two-way ANOVA
statistical test ***P = 0.0006 and ****P < 0.0001.

C Waterfall representation of changes in the volume of individual HCC-70 tumors during the treatment. Statistical comparison between different treatment groups by
Mann–Whitney test **P = 0.0023 and ***P = 0.0006.

D Change in the body weight of mice harboring HCC70 xenograft tumors (6–7 mice per group, mean � SEM) during 21 days of treatment.
E A cell line derived from a mammary tumor spontaneously developed in a Wap-cre:Ptenfl/fl:Tp53fl/fl mouse was cloned and injected in the mammary fat pad of

syngeneic C57BL6/J recipient mice. Tumors grew in 12 out of 35 transplanted mice, and only these tumors were selected for the treatments described in the figure.
When tumors reached an average volume of 100 mm3, they were treated with vehicle or a combination of AZD8186 (150 mg/kg, og once/day) and erlotinib (50 mg/kg
IP once/day). Tumors were then measured during the treatment (six mice per group, mean � SEM). Statistical significance of two-way ANOVA statistical test
****P < 0.0001.

Source data are available online for this figure.
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Decreased S6 phosphorylation is a marker of response to
combinatorial treatments in PTEN-null triple-negative
breast cancers

To define the mechanisms responsible for the cooperative impact

on viability of the combinatorial regimens, we investigated which

changes were induced by single and combined drug treatments at

the biochemical level. Since PTEN deficiency is known to increase

PI3K pathway activity and the drug combinations included an

inhibitor of PI3K pathway, we initially focused on changes

affecting this signaling route. We found that, as expected, the

treatment with PI3Kb inhibitor AZD8186 partially decreased the

A B C

D

E F G

H I J

Figure 3.
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phosphorylation of the downstream proteins AKT, PRAS40, and

S6. Inhibition of EGFR reduced the levels of phospho-ERK inde-

pendently of AZD8186, but only when combined with the PI3Kb
inhibitor it resulted in a more effective suppression of all the

markers of PI3K pathway activation (Fig 3A). The same combina-

tion activity was observed when EGFR inhibitors were combined

with the AKT inhibitor MK2206, especially at the level of the

downstream marker phospho-S6 (Fig 3B). Similar biochemical

effects following drug treatments were observed also in Wap-cre:

Ptenfl/fl:Tp53fl/fl mouse cell lines (Fig EV3A).

In order to determine whether the same changes described

in cells only partially sensitive to inhibition of PI3K pathway

were taking place also in models of acquired resistance, we

derived drug-resistant variants from breast cancer cell lines that

normally exhibit high sensitivity to PI3K inhibition in vitro,

such as HCC70 and ZR-751. All acquired-resistant models were

more resistant to PI3K pathway inhibition compared to the

parental cells (Fig EV3B) and showed a less pronounced reduc-

tion in phospho-S6 following treatment with those drugs

(Fig 3C and D). When EGFR inhibitors were combined with

PI3K pathway inhibitors in acquired-resistant cells, we detected

a stronger suppression of phospho-S6 (Fig 3E) and of cell

viability (Fig 3F and G). These results suggest that some of the

mechanisms that impaired the response to PI3K pathway inhibi-

tors could be common between cell models with very different

sensitivities to these drugs, including models of acquired resis-

tance. However, in all cases the inhibition of S6 phosphoryla-

tion represented a good marker of response to treatments

targeting PI3K pathway.

We also asked whether a synergistic suppression of phospho-S6

may underlie the impact on cell viability described for PI3K pathway

and CK2 combined inhibition (Fig EV1I–N). We found that the

simultaneous targeting of PI3Kb and CK2, similarly to inhibition of

PI3K pathway and EGFR, led to a stronger suppression of phospho-

S6 (Fig EV3C). Altogether, these results enforced the notion that

inhibition of phospho-S6 is a marker of response to combinatorial

therapies including PI3K pathway inhibitors in PTEN-deficient

triple-negative breast cancer cells.

p110b signals downstream of EGFR in PTEN-deficient
triple-negative breast cancer cells

We next investigated which effectors mediated signaling down-

stream of EGFR in PTEN-null cells and how the interaction with

those molecules was affected by drug treatments. We found that

p110b, a key activator of the AKT pathway in PTEN-deficient tumor

cells, co-immunoprecipitated with endogenous EGFR in two dif-

ferent TNBC cell lines (Figs EV3D and 3H–I). Sos1 and p110a were

used as positive controls of the co-immunoprecipitation experiment,

being known interactors of EGFR. The co-immunoprecipitation of

EGFR and p110b was disrupted to different extents by pre-treatment

with EGFR or PI3K inhibitors, while the combination between PI3Kb
and EGFR inhibitors was the most effective in impairing the interac-

tion. This effect was mirrored by a stronger inhibition of AKT phos-

phorylation downstream, confirming our previous observations

(Fig 3H and I). We asked whether the p110b-EGFR interaction was

functional in the signaling triggered by EGFR. We observed that

AZD8186 pre-treatment was able to impair both the basal and the

EGF-induced phosphorylation of AKT (Fig 3J). These data demon-

strate that EGFR can interact with p110b and that the activation of

AKT induced by EGFR stimulation is, at least in part, dependent on

p110b kinase activity in these cells. Also, effective drug-mediated

inhibition of this interaction correlated with a stronger reduction in

phospho-AKT and of downstream pathway activation.

We also investigated whether the synergistic reduction in PI3K path-

way activity by combined PI3Kb and EGFR inhibition was due to EGFR

inhibitor’s ability to suppress phospho-ERK. However, when we

combined the treatment of PI3K pathway inhibitors with MEK inhibi-

tion, we did not detect any synergistic reduction in phospho-S6

(Fig EV3E), showing that the profound inhibition of phospho-S6 was

more likely due to a stronger suppression of the upstream AKT activity.

Targeting G protein b and c subunits sensitizes to EGFR and
pan-PI3K inhibitors

With the aim of identifying and validating other modifiers of the

response to PI3K pathway inhibitors, we carried out a CRISPR-Cas9-

◀ Figure 3. Biochemical effects of EGFR and PI3K pathway combined inhibition.

A MDA-MB-468 cells were treated for 24 h with vehicle, PI3Kbi (AZD8186 250 nM), EGFRi (gefitinib 3 lM), or cetuximab (100 lg/ml), alone or in combination. The
cell lysates were probed with the indicated antibodies.

B MDA-MB-468 cells were treated for 24 h with vehicle, AKTi (MK2206 450 nM), gefitinib (3 lM), or cetuximab (100 lg/ml), alone or in the indicated combinations.
The cell lysates were probed with the indicated antibodies.

C, D HCC70 (C) and ZR-75-1 (D) parental cells or PI3Kbi-Res (derivative cells with acquired resistance to AZD8186), or AKTi-Res (acquired resistance models to MK2206)
were treated with vehicle, PI3Kbi (AZD8186 250 nM), or AKTi (MK2206 1 lM) for 24 h. The whole cell lysates were then probed with the indicated antibodies.
Spliced images of parental and resistant paired samples were taken from the same original blot, and blots showing P-S6 and S6 tot in (D) have been cut and
reassembled for figure purposes.

E HCC70 parental, PI3Kbi-Res, or AKTi-Res cells were treated with vehicle, AKTi (MK2206 250 nM), or gefitinib (3 lM), alone or in the indicated combinations. The cell
lysates were probed with the indicated antibodies.

F HCC70 MK res (acquired resistance models to MK2206) were treated with serial dilutions of gefitinib, alone, or in combination with MK2206 (810 nM), as indicated,
and viability measured after 4 days of treatment. Average � SD of triplicates and representative of two independent experiments.

G HCC70 AZD res (acquired resistance models to AZD8186) were treated with serial dilutions of gefitinib, alone, or in combination with AZD8186 (270 nM), as
indicated, and viability measured after 4 days. Average � SD of triplicates and representative of two independent experiments.

H, I p110b co-immunoprecipitates with EGFR in MDA-MB-468 (H) and in HCC70 (I). Cells were pre-treated with different inhibitors, including vehicle, pan-PI3Ki
GDC0941 (1 lM for MDA-MB-468 or 0.5 lM for HCC70), EGFRi (gefitinib 3 lM), PI3Kbi (AZD8186 250 nM), or a combination of EGFRi and PI3Kbi. Cell lysates were
incubated with IgG control or anti-EGFR antibody, and the immuno-complexes or the total lysates were immune-blotted with the indicated antibodies.

J EGF-induced increase in phospho-AKT is dependent on p110b kinase activity. MDA-MB-468 were starved in 0% FBS and pre-treated with vehicle or PI3Kbi
(AZD8186 250 nM) for 1 h. Cell lysates were probed with the indicated antibodies. Phospho-AKT and pan-AKT bands were quantified by the use of ImageLite
software: The ratio of phospho-AKT to pan-AKT normalized to the control (left hand lane) is shown.

Source data are available online for this figure.

ª 2020 The Authors EMBO Molecular Medicine 12: e11987 | 2020

Davide Zecchin et al EMBO Molecular Medicine

		  57



mediated targeted screen of the top candidates from the genome

wide shRNA screen, testing whether the knockout of these genes

sensitized MDA-MB-468 to the inhibitory activity of AZD8186,

GDC0941, or MK2206. We also added to the list of candidate genes

those encoding proteins that were found to be regulated by

AZD8186 treatment in MDA-MB-468 using a reverse-phase protein

A

C
D

B

Figure 4. A CRISPR-Cas9 screening identified GNB2 as a target to potentiate the inhibition mediated by pan-PI3K inhibitor.

A, B Results of CRISPR-Cas9 screening in combination with AZD8186 100 nM (A) or GDC0941 400 nM (B). The dot-plots show for each gene knocked-out by sgRNAs the
fold change (log2) between treated conditions (AZD8186 or GDC0941, respectively) and vehicle in the fluorescence signal (anti-phosphoS6 immunofluorescence) vs
the P-value of the difference calculated by two-sided t-test. The plots represent means of biological triplicates. Genes for which it was calculated a P < 0.0001 and
Log2 (fold change) > 0.25 are reported and highlighted in green; genes having a 0.0001 < P < 0.05 and a Log2 (fold change) > 0.25 are reported and shown in red.
Gefitinib combined with AZD8186 represents the positive control of the experiment (A).

C Box and whisker plot showing the fold change in fluorescence signal between vehicle and GDC0941-treated conditions for MDA-MB-468 cells transduced with
non-target control, GNB2, or GNG5 sgRNAs (N = 2 or 3). Data presented in a box and whisker plot with the central band indicating the median, the upper, and
lower extremes of the box or hinge being the third and first quartiles, respectively, and the whiskers extending to the most extreme data values within 1.5 times
the inter-quartile range. Statistical significance of unpaired t-test ****P < 0.0001.

D Biochemical analysis of GNB2 KO cells. Cell lysates of MDA-MB-468 parental cells and three MDA-MB-468 GNB2 KO clones were probed with the indicated
antibodies. Quantification of the bands was performed by ImageLite software.

Source data are available online for this figure.
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A
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C D E

Figure 5. GNB2 KO modifies the sensitivity to different inhibitors of EGFR-PI3K pathway.

A MDA-MB-468 parental cells and three MDA-MB-468 GNB2 KO clones were treated with vehicle, GDC0941 1 lM, gefitinib 3 lM, or lapatinib 1 lM for 24 h. The cell
lysates were probed with the indicated antibodies.

B–D Viability assays of MDA-MB-468 parental cells and three MDA-MB-468 GNB2 KO clones treated with serial dilutions of the indicated drugs for 6 days. Mean � SD
of triplicates and representative of two or three independent experiments.

E Patient samples from METABRIC dataset classified as TNBCs (N = 299) were assigned to the groups “PTEN-low” when falling in the lower quartile for PTEN
expression, “PTEN-mut” when harboring a non-synonymous mutation on PTEN gene, “PTEN-WT” in all other cases. Comparison of the expression of GNB2 between
the PTEN low or mut and the PTEN-WT groups. Box and whisker plot (Median/IQR/1.5*IQR Whiskers). P-value calculated by unpaired t-test.

Source data are available online for this figure.
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array (RPPA, Fig EV4A). We hypothesized, indeed, that some of

these proteins may have a functional role in defining the response

to PI3K pathway inhibitors. The list included overall 141 genes, of

which 31 were from the RPPA data and 110 from the shRNA screen

(Materials and Methods and Table EV2).

In order to perform the CRISPR-Cas9 screen, we derived and

characterized a single-cell clone from an MDA-MB-468 population

harboring a doxycycline-inducible expression vector for Cas9

(Fig EV4B–D). Given the importance of phospho-S6 inhibition as a

marker of response to combinatorial drug regimens, we used the

measurement of phospho-S6 by immuno-fluorescence as a readout

of the screen. The screening was performed in an arrayed format,

and each gene was efficiently targeted by a combination of 4–5 dif-

ferent sgRNAs (Fig EV4E–H). Plotting of the raw phospho-S6 signal

from individual experiments showed overall consistent values

among replicates in different treatment conditions (Fig EV4I), con-

firming the quality of the screening data.

The CRISPR-Cas9 screen in combination with AZD8186 con-

firmed our previous results, showing enhanced suppression of phos-

pho-S6 by the combined treatment with AZD8186 and the KO of

EGFR or CSNK2B (Fig 4A). Also, the KO of PIK3CA (encoding PI3K

p110a) potentiated the effect of the PI3Kb inhibitor. This confirmed

data from previous literature that showed how simultaneous inhibi-

tion of both p110a and p110b exerted synergistic effect on PTEN-

null cancer cells (Schwartz et al, 2015). On the other hand,

knockout of PIK3CB, encoding PI3K p110b, the target of AZD8186,

abolished the effect of the drug on phospho-S6 and provided a

further validation to our approach.

Interestingly, two genes encoding for G protein b and c subunits,

GNB2 and GNG5, respectively, ranked among the top cooperative

partners of GDC0941 when they were knocked-out (Fig 4B and C).

In order to investigate the mechanistic basis of this interplay, we

isolated GNB2 KO clones by immunofluorescence-based detection of

GNB2 protein levels (Fig EV4K) and we compared signaling in the

KO cells with parental MDA-MB-468 cells (Fig 4D). We found that

the KO clones had an increased phosphorylation and expression of

EGFR compared to the WT counterpart and they showed also an

increased ratio between phosphorylated and total EGFR, suggesting

a compensatory increase in EGFR activity. This finding was

supported by the increased basal phosphorylation of the down-

stream effector ERK1/2. Also, we observed that markers of PI3K

pathway activity such as phospho-AKT or phospho-S6 were

decreased by the KO of GNB2, showing that this protein had an

impact on the basal activation of this pathway. We then treated WT

and GNB2 KO cells with GDC0941, and we observed a stronger and

prolonged suppression of phospho-AKT and phospho-S6 in the KO

clones compared to WT cells (Figs EV5A and 5A), validating the

results of the CRISPR-Cas9 screening. Downregulation of the basal

PI3K signaling and increased sensitivity to the GDC0941-mediated

suppression of phospho-S6 was also observed in an independent

TNBC cell line following the KO of GNB2 (Fig EV5B).

Interestingly, the increased activity of EGFR in cells lacking

GNB2 was mirrored by a stronger suppression of PI3K signaling

following EGFR inhibition by gefitinib or lapatinib (Fig 5A). As

expected, also in viability assays GNB2 KO clones showed increased

sensitivity to both GDC0941 and EGFR or HER family inhibitors,

demonstrating a shift in the addiction to EGFR-PI3K axis following

the disruption of G protein signaling (Fig 5B).

We asked then which PI3K isoform signals downstream EGFR

to guarantee the survival of the cells in the absence of GNB2. We

found that the KO of GNB2 increased the dependence of the cells

on p110a compared to the WT counterpart, as demonstrated by

treatment of WT and GNB2 KO cells with the p110a-specific inhi-

bitor BYL719 (Fig 5C). GNB2 loss, on the other hand, partially

relieved the dependence of PTEN-null cells on p110b (Fig 5D), and

this shift was supported at the biochemical level by the differential

impact of PI3K isoform-specific inhibitors on the phosphorylation

of AKT and S6 downstream EGFR in WT or GNB2-deficient cells

(Fig EV5C).

As both PI3K isoforms were partially involved in supporting the

survival and the activation of PI3K pathway downstream EGFR in

the absence of GNB2, these results explained the increased sensitiv-

ity of GNB2 KO cells to pan-PI3K inhibitors. The basal down-regula-

tion of PI3K pathway activity and the shift in dependence following

GNB2 inactivation from p110b to EGFR and to other downstream

non-p110b effectors, such as p110a, are in line with the accepted

notion that bc subunits of G proteins are responsible for the activa-

tion of PI3Kb (Kurosu et al, 1997) and suggested that this arm of the

pathway can operate in parallel with EGFR to support the activation

of AKT.

Altogether, these data suggested that both the bc subunits of

G proteins and EGFR can signal to AKT through PI3Kb and that

those two arms of the pathway can compensate each other

when PI3K inhibitors are employed to treat PTEN-deficient

TNBC cells.

We investigated the relevance of these findings in patients by

analyzing the expression of GNB2 in TNBC samples divided accord-

ing to their PTEN status in the METABRIC dataset. Consistent with

the importance of G protein signaling in the PTEN-null context, we

found statistically significant higher expression of GNB2 in samples

characterized by low expression or non-synonymous mutation of

PTEN compared to the PTEN-WT subgroup (Fig 5E).

PAR1 signals to AKT through the bc subunits of G proteins

Since we identified G protein bc subunits as important activators of

the PI3K pathway in PTEN-null cells, we asked which G protein-

coupled receptors (GPCRs) can activate G protein signaling in these

cells. Assuming that the inhibition of any GPCR acting upstream of

the bc subunits of G proteins in these cells should reproduce the

phenotype described after knocking out the downstream effector

GNB2, we tested a library of compounds targeting GPCRs for their

ability to suppress phospho-S6 in combination with GDC0941 or

lapatinib. From the drug screening, we identified as a top candidate

vorapaxar, a thrombin-receptor PAR1 inhibitor used as anti-throm-

botic agent (Figs 6A and EV5D). Biochemical analysis confirmed the

increased phosphorylation of EGFR induced by PAR1 inhibition and

a stronger suppression of phospho-AKT and phospho-S6 when vora-

paxar was combined with GDC0941 or lapatinib (Fig 6B), pheno-

copying the phenomenon previously observed in the same cells as a

consequence of GNB2 inactivation.

To formally prove that PAR1 could activate AKT through the b
subunit of G proteins in these PTEN-null cells, we tested the induc-

tion of phospho-AKT after treatment with control or PAR1-agonist

peptides in WT and GNB2 KO cells (Fig 6C). While in the WT MDA-

MB-468 cells, the agonist was able to increase the phosphorylation

EMBO Molecular Medicine 12: e11987 | 2020 ª 2020 The Authors

EMBO Molecular Medicine Davide Zecchin et al

	 60	



of AKT and ERK compared to control, no activation of these down-

stream nodes was detected in GNB2 KO cells, demonstrating that

GNB2 was necessary for the PAR1 stimulating signal to be

transduced. Also, we confirmed the on-target effect of vorapaxar,

since the co-treatment with the drug abrogated the increase in phos-

pho-AKT induced by the agonist peptide in WT cells. We then

A B
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E

Figure 6.
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extended our findings employing a panel of PTEN-null TNBC cell

lines, and we found that the combinatorial treatment of vorapaxar

and GDC0941 or lapatinib led to an improved inhibition of the levels

of phospho-S6 in multiple cell models (Fig 6D). We also observed a

cooperative inhibition in cell viability by the simultaneous treatment

of vorapaxar and pan-PI3K or HER inhibitor (Fig 6E).

These data reveal a new element in the signaling cascade that

operates in PTEN-null TNBCs and suggest that the GPCR-PAR1

signals upstream of G protein bc subunits to sustain the activa-

tion of AKT.

The results above describe a signaling network in PTEN-deficient

TNBC that underlies the sustained activation of the PI3K pathway

and relies on two signaling branches. The first upstream activator

branch is EGFR family receptor tyrosine kinases, while the second is

GPCRs, among which we identified the thrombin receptor PAR1,

that in turn activate G proteins, including their bc subunits. Both

axes feed into the activation of PI3Kb isoform and can compensate

each other also through the engagement of different effectors, such

as PI3Ka, to overcome the blockade of PI3K pathway and support

the phosphorylation of the signaling node AKT and of the down-

stream marker S6 (Fig 6F).

Discussion

PTEN deficiency is one of the most common alterations found in

human cancers and in triple-negative breast cancers. Given the

frequency of the disease in the population (Cancer Research UK

statistics 2015 https://www.cancerresearchuk.org/health-profe

ssional/cancer-statistics/statistics-by-cancer-type/breast-cancer) and

the frequency of PTEN alterations in this type of tumor (Cancer

Genome Atlas Network, 2012), we can estimate that up to 15,000

patients may be diagnosed every year in the United States and

22,000 per year in the European Union with a PTEN-deficient triple-

negative invasive breast cancer.

PTEN loss results in increased activation of PI3K (Stambolic et al,

1998; Haddadi et al, 2018) and addiction to PI3K pathway activity

(Chen et al, 2006; Jia et al, 2008; Wee et al, 2008; Vasudevan et al,

2009; Sangai et al, 2012; Hancox et al, 2015) in the affected cells.

Also, RAS mutations, that are known to confer resistance to a

number of therapies (Konieczkowski et al, 2018) and to modify the

profile of dependencies to PI3K isoform-specific inhibitors (Schmit

et al, 2014), rarely occur in these tumors. The known biochemical

properties of PTEN-deficient cells, both from preclinical models and

analysis of the genetic make-up of these tumors from patients, make

PI3K pathway inhibition one of the most appealing approaches for

the targeting of triple-negative PTEN-null breast cancers.

However, no clear evidence of benefit for PTEN-null cancer

patients treated with PI3K inhibitors in clinics has been reported to

date (Kim et al, 2017; Martin et al, 2017) and, despite the urgent

need of a targeted treatment for this subset of poor prognosis

patients, the molecular bases for the lack of efficacy of those thera-

pies are still poorly understood.

We describe here a signaling network that relies on EGFR and

GPCR activity, converges on the activation of PI3Kb and operates

prevalently in PTEN-null breast tumor cells. Inhibition of the GPCR-

PI3Kb axis leads to a rebound in the activity of EGFR and other non-

PI3Kb downstream effectors, such as PI3Ka, to sustain the activa-

tion of the pathway. These findings are in line with previous reports

showing that the use of combined pan-PI3K class I and EGFR inhibi-

tors produced synergistic responses in basal-like breast cancers (She

et al, 2016) and that inhibition of PI3Kb relieves a feedback activa-

tion of PI3Ka (Schwartz et al, 2015), and they add another piece of

information to the complex network that allows PTEN-null breast

cancer cells to survive PI3K pathway inhibition. We have translated

a deeper knowledge of the signaling into new potential therapeutic

strategies, suggesting that PI3Kb is a good target for inhibition

combined with EGFR inhibitor in this tumor type.

EGFR is amplified or overexpressed in a high percentage of

triple-negative breast cancers and more frequently than in other

▸Figure 6. PAR1 signals through GNB2 to sustain the activation of PI3K pathway in the presence of PI3K or HER inhibitors.

A Schematic of the results from the drug screening with compounds targeting GPCR signaling. MDA-MB-468 cells were treated with the compounds of the GPCR-
targeted library at three different concentrations (0.1, 1, or 10 lM) in combination with vehicle, GDC0941 450 nM, or lapatinib 1 lM. The pS6 signal was measured
by IF after 24 h of treatment and normalized to DAPI. Z scores of the normalized fluorescence values for each drug measured in the presence of vehicle, GDC0941, or
lapatinib are reported on the y-axis or on the left or right x-axis of the dot-plot, respectively. Readings acquired following treatment with the three different
concentrations of the GPCR-targeted drugs are reported in three different colors. Dots corresponding to vorapaxar treatments at the three different concentrations
are highlighted in the plot. The values reported are mean of a biological triplicate of the experiment.

B MDA-MB-468 was treated for 24 h with vehicle, vorapaxar (10 lM), GDC0941 (1 lM), or lapatinib (1 lM) alone or in the indicated combinations. The cell lysates
were probed with the indicated antibodies.

C MDA-MB-468 parental cells or GNB2 KO clones were starved and treated with scramble or PAR1 activating peptide for 5 min, alone or in combination with
vorapaxar. The cell lysates were probed with the indicated antibodies. Phospho-AKT, pan-AKT, phospho-ERK1/2, and pan-ERK1/2 bands were quantified by the use of
ImageLite software: The ratio of phospho-AKT to pan-AKT and phospho-ERK1/2 to pan-ERK1/2 normalized to the control peptide-treated conditions for WT and GNB2
KO cells (first and fourth lanes, respectively) is shown.

D p-S6/loading control signal from Western blot experiments in which a panel of six TNBC PTEN-null cell lines and HCC70 cells that acquired resistance to AZD8186 or
MK2206 were treated with vehicle, vorapaxar (10 lM), GDC0941 (1 lM), or lapatinib (1 lM) alone or in the indicated combinations. The values were normalized to
vehicle treatment for all cell lines. Mean of 2 independent experiments � SD. P-values calculated by two-tailed paired student t-test *P = 0.0235 and **P = 0.002.
Cell lines used in the experiments were as follows: MDA-MB-468, HCC70, HCC1937, HCC38, HCC1395, BT-549, HCC70 AZD8186-resistant, and HCC70 MK2206-resistant.

E Long-term proliferation assay of MDA-MB-468 cells treated with vorapaxar (5 or 2.5 lM), GDC0941 (1 lM), or lapatinib (1 lM), alone or in the indicated
combinations. Cells were treated for 2 weeks and stained by crystal violet. One representative experiment of three is shown.

F Schematic of the network controlling the phosphorylation of AKT and S6 in PTEN-null TNBC cells. EGFR and PAR1-bc subunits of G protein signal in parallel to p110b
and AKT. The two arms of the pathways are inter-connected by feedback compensation mechanisms that act when any of the two signals is perturbed. Combined
targeting of both the signaling arms results in a sustained inhibition of the downstream pathway. Erlotinib (EGFR inhibitor) and AZD8186 (p110b inhibitor) are
highlighted in the figure as these drugs proved effective in in vivo experiments.

Source data are available online for this figure.
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types of breast cancers (Reis-Filho & Tutt, 2008) (Reis-Filho et al,

2006; Reis-Filho & Tutt, 2008; Gumuskaya et al, 2010; Shao et al,

2011; Martin et al, 2012; Park et al, 2014; Nakai et al, 2016). This

further emphasizes the importance of this receptor in the biology of

these tumors. Given the frequency of its aberrations, EGFR repre-

sents an appealing target for inhibition in this type of cancer.

However, anti-EGFR therapies tested in clinical trials as monother-

apy on triple-negative breast cancers failed to produce beneficial

results (von Minckwitz et al, 2005; Dickler et al, 2008; Carey et al,

2012; Yardley et al, 2016). The high prevalence of alterations target-

ing components of pathways downstream EGFR, such as PTEN, and

compensatory feedback signals like the one we report here, may

provide a molecular framework to explain such failures.

We have shown that the use of anti-PI3Kb and anti-EGFR thera-

pies shows an enhanced combination effect in PTEN-null cells. The

application of this therapeutic strategy may result in a higher selec-

tivity against the PTEN-deficient tumor cells relative to PTEN

wild-type cells and, therefore, in a wider therapeutic window of the

treatments compared to the more complete inhibition of different

points on the PI3K pathway by a pan-PI3K, AKT, or mTOR inhibitor.

This new combinatorial therapy includes drugs that are approved

for use in cancer treatment, like anti-EGFR therapies, or that are

currently in clinical trials, like PI3Kb inhibitors, making these find-

ings easier to translate in the clinical practice. Indeed, toxic effects

associated with on-target inhibition of PI3Ka, such as hyperglycemia

(Bendell et al, 2012), and the related compensatory release of

insulin by the pancreas, that in turn can promote resistance to PI3K

inhibition by reactivation of insulin signaling in cancer cells (Hop-

kins et al, 2018), may be limited by the specific targeting of the b
isoform of PI3K. Hyperglycemia has not been reported to be among

the adverse effects of AZD8186 treatment (Lillian et al, 2016).

In the current study, we used AZD8186 as a PI3Kb inhibitor.

AZD8186 was reported to have higher activity on p110b
(IC50 = 4 nM) and p110d (IC50 = 12 nM), compared to p110a
(IC50 = 35 nM) or p110c (IC50 = 675 nM). We showed that

AZD8186 exerted its anti-tumor function in vitro due to PI3Kb inhi-

bition, since PTEN-null TNBC cells do not express appreciable levels

of p110d and the specific inhibition of p110a in combination with

EGFR did not produce the same effects. These results confirmed

previous evidence showing AZD8186 to selectively target the b over

the a isoform of PI3K in breast cancer cells (Schwartz et al, 2015).

We cannot formally rule out the possibility that AZD8186 may have

some function in vivo related to inhibition of p110d, especially in

immune cells, that are known to express high levels of this protein.

However, the likelihood that the response observed in vivo may be

due to interference with the immune-compartment by AZD8186 is

low, since results have been confirmed in different models and in

both immune-competent and immune-deficient recipients.

We report here that GPCRs, and in particular PAR1, are responsi-

ble for the activation of PI3Kb and for the sustained activity of PI3K

pathway also in the presence of EGFR inhibitors. PAR1 is one of the

four members of the protease-activated receptors (PARs) GPCR

family and is activated by thrombin and by a variety of other tumor-

associated proteases, including plasmin and MMP-1 (Boire et al,

2005). Indeed, PAR1 expression has been positively correlated with

carcinoma cell invasiveness (Even-Ram et al, 1998) and its altered

trafficking and persistent signaling was shown to promote breast

cancer invasion (Booden et al, 2004).

PAR1 and EGFR pathways have been previously functionally

linked. PAR1 was reported to transactivate EGFR not only in vascular

smooth muscle cells (Kanda et al, 2001) and in cardiac fibroblasts

(Sabri et al, 2002), but also in colorectal (Darmoul et al, 2004) and

in breast cancers (Arora et al, 2008) through a variety of different

mechanisms, showing that the two pathways can reciprocally influ-

ence their activities. Also, a role for PI3Kb in mediating the synergis-

tic production of PIP3 and activation of AKT in response to both

GPCR and RTK inputs has been shown (Kurosu et al, 1997; Murga

et al, 2000; Ciraolo et al, 2008; Hauser et al, 2017) and this provides

a molecular framework to our observation that EGFR and PAR1 can

simultaneously signal through PI3Kb in triple-negative breast

cancers. Our data describe how those two branches of the pathway

can compensate each other following PI3K inhibition and place this

GPCR-RTK signaling network at the centre of a mechanism of drug

resistance. The stronger suppression of basal PI3K pathway activity

induced by GNB2 inactivation compared to PAR1 inhibition suggests

the possibility that other GPCRs in addition to PAR1 may contribute

to the signaling to PI3Kb in these cells. Among other GPCRs that

might be involved in this pathway, GPER1 could be a possible candi-

date, as it was previously shown to mediate signaling from 17beta-

estradiol to bc subunits of G protein and transactivation of EGFR in

ER-negative breast cancers (Filardo et al, 2000).

However, our data demonstrate a role of PAR1 in mediating

resistance to PI3K and EGFR inhibitors and suggest that GPCRs may

represent important drivers of drug resistance also in other contexts.

Since GPCR drug discovery has been an area of intense activity

(Hauser et al, 2017), we envision that these findings may have

significant potential for translation.

In addition to implicating GPCR signaling, our study also high-

lighted an unexpected role of CK2 inhibition in potentiating the

activity of PI3K pathway inhibitors in PTEN-null TNBC cells. Previ-

ous work showed that PTEN deletion affects levels of CK2 through

transcriptional STAT3-mediated upregulation (Kalathur et al, 2015),

suggesting that this protein may have an important role in PTEN-

null tumor cells. CK2 is in turn known to phosphorylate AKT in

Ser129 and to contribute to its activation (Di Maira et al, 2005),

providing a molecular framework to its role in limiting response to

PI3K pathway inhibitors. It has also been reported that suppression

of PI3K-AKT-mTOR pathway was enhanced by combined targeting

of EGFR and CK2 in lung cancer models relying on EGFR activity

(Bliesath et al, 2012). CK2 could thus expand the array of potential

drug targets for the design of combinatorial treatments in PTEN-null

TNBCs beyond EGFR and PI3Kb.

Materials and Methods

Cell lines

MDA-MB-468, BT-549, U-251, A172, U-87-MG, BT-20, MDA-MB-231,

and MDA-MB-361 were maintained in DMEM supplemented with

10% FBS. MCF7 were maintained in DMEM supplemented with

10% FBS and Insulin Human Solution 1:1,000 (I9278 Sigma

Aldrich). T47D were maintained in RPMI with 10% FBS and

Insulin Human Solution 1:1,000. Cell lines derived from mouse

primary mammary gland tumors were established in medium

consisting of DMEM/F12 Glutamax (Thermofisher), 10% FBS
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heat-inactivated, 1:1,000 dilution of Insulin solution, and EGF

20 lg/ml, and they were cultivated on collagen solution-coated

plates. After 10 passages, cells were adapted to grow in DMEM

10% FBS and on normal tissue culture plates. HCC70 and ZR-75-1

acquired resistance models were maintained in RPMI supple-

mented with 10% FBS and AZD8186 250 nM or MK2206 1 lM.

The rest of the cell lines were cultured in RPMI with 10% FBS.

Cell lines were tested for mycoplasma and were authenticated by

short-tandem repeat (STR) DNA profiling by the Francis Crick

Institute Cell Services facility.

Compounds and reagents

AZD8186 was obtained from a collaboration with AstraZeneca. Gefi-

tinib, erlotinib, lapatinib, GDC0941, MK2206, and vorapaxar were

purchased from Selleckchem. CX-4945 was obtained from MedChem-

Express. Cetuximab was a kind gift from Charles Swanton.

The library of compound targeting GPCR signaling was

purchased from MedChemExpress (HY-L006).

Antibodies for immunoblots purchased from Cell Signaling Tech-

nology were as follows: anti-phospho-EGFR Y1068 (Cat# 3777, dilu-

tion 1:1,000), EGFR (Cat# 4267, dilution 1:1,000), phospho-AKT

T308 (Cat# 13038, dilution 1:1,000), S473 (Cat# 9271, dilution

1:1,000) and S129(Cat#13461, dilution 1:1,000), AKT (Cat# 2920,

dilution 1:1,000), phospho-ERK T202/Y204 (Cat# 9101, dilution

1:1,000), ERK (Cat# 9107, dilution 1:2,000), phospho-S6 S235/236

(Cat# 2211, dilution 1:4,000), S6 (Cat# 2317, dilution 1:500), phos-

pho-PRAS40 T246 (Cat# 2640, dilution 1:1,000), PTEN (Cat#9559,

dilution 1:1,000), p110a (Cat# 4249, dilution 1:400), and p110b
(Cat# 3011, dilution 1:1,000). Anti-vinculin was from Sigma-Aldrich

(Cat# V4505, dilution 1:5,000). Anti-GNB2 (ab81272, dilution

1:1,000) was from Abcam and anti-Sos1 from Santa Cruz Biotech-

nology (sc-17793, dilution 1:1,000). Anti-EGFR1 (from Francis Crick

Institute Cell Service) was used in the Immuno-precipitation experi-

ments (5 lg antibody/1 mg protein).

pLenti_BSD_sgRNA plasmid was a generous gift of Paola Scaffidi,

and it was generated through replacement of GFP cassette with BSD

cassette into the pLenti-sgRNA-Lib from Wei lab (Addgene Plasmid

#53121). pCW-Cas9 vector generated in David Sabatini’s lab was

obtained from Addgene (#50661).

In vivo studies

All studies were performed under a UK Home office approved

project license and in accordance with institutional welfare

guidelines.

Wap-cre:Ptenfl/fl:Tp53fl/fl mouse model was generated crossing the

Trp53tm1Brn/tm1Brn (NCI Mouse Repository) and the Ptentm1Hwu/tm1Hwu

lines, previously back-crossed in C57BL/6 background, with the

Wap-cre strain generated in C57BL/6 background by the NCI Mouse

Repository.

Female mice were allowed to breed and wean their pups in order

to activate the expression of Cre transgene. After that, mice were

monitored for mammary tumor growth. Tumors were measured

using caliper, and volume was estimated using the formula

width2 × length × 0.5. Before the tumors reached the size-limit

imposed by the project license, mice were culled and the mammary

tumor extracted.

For human cell line in vivo studies, 5 million cells were re-

suspended in PBS mixed 1:1 with growth-factor-reduced Matrigel

and injected into the fat pad of the left, fourth mammary gland of 6-

to 8-week-old female NU(NCr)-Foxn1nu (Charles River). Tumor

volumes were determined using the formula width2 × length × 0.5.

When tumors reached a volume of 100 or 250 mm3, mice were

randomly assigned to treatment with vehicle or drugs.

For spontaneous tumor-derived cell lines, 5–10 millions of cells

were re-suspended in 1:1 PBS: growth-factor-reduced Matrigel and

injected into the fat pad of the left, fourth mammary gland of 6- to

8-week-old female C57BL/6 mice.

For in vivo drug treatments, AZD8186 was formulated in 0.5%

(hydroxypropyl) methyl-cellulose/0.2% Tween-80 and administered

by oral gavage (5 ll/g) every day. Erlotinib was prepared in 0.3%

(hydroxypropyl) methyl-cellulose and administered intra-perito-

neum every day at 5 ll/g.

shRNA screening

Whole-genome shRNA was performed using the MISSION LentiPlex

Pooled shRNA library from Sigma (SHPH01). The library contains

80717 shRNA constructs from the TRC collection targeting around

16,000 genes and is divided into 10 different pools, which were

infected and sequenced separately.

MDA-MB-468 cells were infected in triplicate with the ready-to-

use lentivirus in the presence of 8 lg/ml polybrene at a multiplicity

of infection MOI = 0.8 and at an initial representation of 800 cells

for each shRNA. Forty-eight hours after the infection, cells were

selected in 2 lg/ml puromycin for 48 h, followed by 24-h growth

with fresh media. Then, cells were divided into five different

aliquots. One aliquot was frozen to measure the initial shRNA repre-

sentation (time = 0). The other four aliquots were seeded in 15-cm

dishes, and the day after cells were treated with either DMSO,

250 nM AZD8186, 250 nM GDC0941, or 450 nM MK2206. Drugs

were replaced every 3 days of treatment and cells passaged after

6 days treatment keeping a representation of 400. After another

cycle of 6 days of treatment, cells were trypsinized, counted to

measure the efficiency of the treatment, and frozen. Also the

genomic DNA extraction and the PCR detailed below were done in

order to keep a 400 representation of each shRNA.

Genomic DNA was isolated from all the samples using Wizard

genomic DNA purification kit (Promega). shRNA inserts were

retrieved from the genomic DNA by PCR amplification using the

following conditions: (i) 98°C, 30 s; (ii) 98°C, 10 s; (iii) 60°C, 20 s;

(iv) 72°C, 1 min; (v) to step 2, 16, or 11 cycles (for PCR1 or PCR2,

respectively); 72°C, 5 min. Indexes and adaptors for deep sequenc-

ing (Illumina) were incorporated in the PCR primers. For PCR1,

gDNA was amplified using Illuseq_x_PLKO1_f ACACTC

TTTCCCTACACGACGCTCTTCCGATCTxxxxxx CTTGTGGAAAGGA

CGAAACACCGG (where x indicates different barcodes) and

P7_pLKO1_r CAAGCAGAAGACGGCATACGAGATTTCTTTCCCCTG

CACTGTACCC primers. 2.5 ll of PCR1 product was used as

templates for PCR2 reaction, together with P5_IlluSeq AATGATA

CGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCT and P7 CAAGCAGAAGACGGCATACGAGAT primers. Final

PCR product was purified using MiniElute PCR Cleanup (Qiagen)

and quantified using Bioanalyzer. Finally, shRNA representation for

each sample was measured by next-generation sequencing
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(Illumina). The shRNA sequences were extracted from the sequenc-

ing reads and aligned to TRC library. Due to the customized vector

structure, samples pooled into the same sequencing lane could not

be demultiplexed with the standard Illumina pipeline. As such, in-

house software was used to recognize the first six nucleotides of

each read as the barcode, and nucleotides 31–53 as the shRNA

sequence. Each sample was then collapsed to “tags”, so that each

unique sequence was represented in the file only once, along with a

count of the total number of times it was detected. These tag files

were then mapped to the TRC library sequences using bwa 0.5.9

(Li & Durbin, 2009) with –n 4, -k 4, -l 90 (i.e., seed length > read

lengths and maximum mismatches = 4). Counts of the number of

times each sequence within the targeted pools was detected (taking

into account the count associated with each tag) were then summa-

rized with off-target reads discarded. shRNAs not represented by at

least 50 reads in each sample were removed at this stage. Counts

were then normalized to the maximum total number of aligned

reads across all samples for that pool. Comparisons were performed

by considering the mean fold change across triplicates, with P-value

calculated by a paired t-test on these log values. The following crite-

ria were applied to filter genes. At least one shRNA associated with

a mean ratio of absolute counts between drug treatment and vehicle

≤ 0.65 with a t-test P-value between triplicates ≤ 0.15; at least one

shRNA associated with a mean ratio of absolute counts between

drug treatment and vehicle ≤ 0.75 with a t-test P-value between trip-

licates ≤ 0.15; and mean ratio of absolute counts between vehicle

and time 0 > 0.5. Filtered genes were then ranked based on the

lowest mean ratio of absolute counts between drug treatment and

vehicle for the shRNA associated with the second lowest ratio for

each gene (Table EV1).

CRISPR-Cas9 library generation

Ninety-six candidates were selected among the 163 genes for which

at least two different shRNAs showed mean ratio of absolute counts

treatment/vehicle ≤ 0.5 in the shRNA screening (Table EV1).

In addition, we included genes codifying for epitopes that were

down- or up-regulated by AZD8186 treatment in the RPPA analysis

by a Log2 Fold change ≥ 0.25 and with a P-value ≤ 0.05 at any time

point.

Based on biological interest, we also included some genes at the

edge of inclusion criteria (reported in Table EV2 not in bold),

PIK3CA (as a positive control based on previous publications) and

we excluded AKT, S6, NDRG1, and PRAS40.

Four or five not-overlapping sgRNA sequences were selected

for each of those genes from the list reported in Wang et al

(2015) and synthesized (Sigma-Aldrich) with forward strand 50

overhang -ACCG and reverse strand 50 overhang –AAAC. Forward

and reverse strands of the oligos were annealed and ligated by

Golden Gate Assembly into the pLenti_BSD_sgRNA plasmid, as

previously described (Zhou et al, 2014), with minor modifi-

cations. Briefly, the annealing was performed incubating forward

and reverse primers at 10 lM each (final concentration) in PNK

1× buffer at 95°C for 5 min, and then, the temperature was

ramped to 25°C at 0.1°C per second. Two microliter of the

annealed primer solution diluted 1:200 was used in the Golden

Gate assembly reaction together with BsmBI (five units), pLen-

ti_BSD_sgRNA (50 ng), T7 DNA ligase (1,500 units), T4 ligase

buffer with ATP (diluted to 1×) up to 10 ll final volume for each

reaction. The following conditions were used as follows: 25 cycles

of 45°C for 2 min and 20°C for 2 min, then 60°C for 10 min, and

80°C for 10 min.

Ligated vectors were transformed by heat-shock in Stbl3 compe-

tent E. Coli bacteria (one vector in each well of 96-multi-well

plates). Bacteria were grown overnight in 96-deep-well plates, and

after growth, bacteria transformed by sgRNA vectors targeting the

same gene were pooled together before plasmid extraction (Qiagen

QIAprep Spin Miniprep Columns). Lentiviral particles were

produced in arrayed format by transfecting HEK293T cells in 12-well

tissue culture plates with 67.6 ng pCMV-VSVG, 203 ng pCMV-8.2

(Addgene), and 270 ng pLenti_sgRNA vector mixture for each gene

in separated wells (Lipofectamine, Invitrogen). Forty-eight hours

after transfection, virus particles in the supernatant were harvested

and stored at �80°C in 96 well plates.

CRISPR-Cas9 KO screening

An MDA-MB-468 clone expressing a DOX-inducible form of Cas9

was derived by transduction of the parental cells with pCW-Cas9

lentivirus. Infected cells were selected by hygromycin B (Thermo-

Fisher Scientific, final concentration 200 lg/ml) and single-cell

cloned in 96-well tissue culture plates.

MDA-MB-468 iCas9-cloned cells were seeded at 10,000 cells/

well in 24-well plates and infected in array format with the pLen-

ti_BSD_sgRNA library in the presence of polybrene 8 lg/ml

(200 ll viral supernatant/well). Cells were selected with blasti-

cidin S for 5 days (ThermoFisher Scientific, final concentration

5 lg/ml). After selection, cell numbers were extrapolated by

counting cells in three wells and by comparing their Cell Titer

Blue Viability assay (Promega) readings with the readings of all

other samples. Cells were seeded at 50,000 cells/well in 12-well

plates and treated with 1 lg/ml doxycycline for 4 days. After that,

cells were counted as previously described and passaged in equal

numbers in wells of similar size before being treated for 4 days

by doxycycline. Cells were counted again and seeded at a density

of 4,000/wells in 96-well black plates before being treated with

vehicle, AZD8186 100 nM, GDC0941 400 nM, or MK2206 450 nM

in technical quadruplicate. After 30 h of treatment, cells were

fixed in 96-well black plates by 4% formaldehyde (15 min of incu-

bation), washed three times in PBS, blocked 1 h in 1× PBS/5%

normal serum (Cell Signaling Technology)/0.3% Triton X-100

(Sigma-Aldrich), and incubated overnight in antibody dilution

solution (1× PBS/1% BSA/0.3% TritonTM X-100) containing anti-

phospho S6 S240/244 antibody (Cell Signaling Technology

Cat#5364) diluted 1:1,200. Plates were then washed three times in

PBS and incubated for 1 h in antibody dilution solution containing

Anti-rabbit IgG Alexa Fluor-488 Conjugate (Cell Signaling Technol-

ogy #4412) diluted 1:1,000 and DAPI 0.2 lg/ml. Plates were

washed three times in PBS, and images were acquired and signal

quantified using CX7 LZR high content microscope (ThermoFisher

Scientific). The fluorescent signal from each well was normalized

to DAPI.

All washing steps of 96-well plates were performed by 96-well

head Biomek FX liquid handling robot (Beckman).

The screening experiment previously described was performed

in triplicate.
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For analysis, per-sample data were scaled to the maximum

sum across samples (analogous to normalizing count data to the

maximum yield across samples), log2 transformed and P-values

are associated with a two-sided t-test. Differences were consid-

ered significant if the P-value remained < 0.05 after Bonferroni

correction.

GNB2 knockout

MDA-MB-468 iCas9 cells were transduced with four sgRNAs target-

ing GNB2 from the pLenti_BSD_sgRNA library, selected by Blasti-

cidin S, and treated with doxycycline as previously described. Cells

were then cloned in 96-well plates, and clones were screened for the

lack of GNB2 protein by immunofluorescence in black 96-well plates

with the same procedure described in the CRISPR Cas9 KO screening

and using anti-GNB2 primary antibody (ab81272).

GPCR-centered drug screening

Drug screening was performed in triplicate using three different

concentrations (0.1, 1, and 10 lM) for each of the 716 drugs

included in the library MedChemExpress (HY-L006). Echo550

acoustic dispenser (Labcyte) within an Access robotic workstation

with GX robotic arm was employed to add compounds at the right

concentrations to 384-well plates previously seeded with 900 cells/

well. After 24-h treatment, cells were fixed, washed, and stained by

anti-phospho S6 S240/244 antibody (Cell Signaling Technology

Cat#5364) and DAPI as previously described. Images were acquired

and quantified as previously described. The fluorescent signal in

each well was normalized to DAPI and expressed as z-score in each

plate.

Reverse-phase protein array

MDA-MB-468 cells were seeded at 350,000 cells/well in six-well

plate. After cells were attached, they were treated with vehicle or

AZD8186 250 nM for 2 or 28 h. Cell lysates were obtained by the

recommended lysis buffer (https://www.mdanderson.org/research/

research-resources/core-facilities/functional-proteomics-rppa-core.

html), and cell lysates were submitted to MD Anderson Cancer

Center RPPA Core Facility. Linear normalized data were analyzed

by predicting the mean expression level using a linear model for

each time point, with drug status, target and their interaction

term as predictors. P-values associated with the test for a non-

zero coefficient of the interaction term were calculated, and the

results were plotted as the mean target-specific drug effect against

the P-value.

Proliferation assays

Cells were seeded in 96-well plates, and drugs were added on the

following day. For 6-day viability assays, drugs were replaced after

3 days of treatment. Cell viability was determined by Cell Titer Blue

Viability Assay (Promega).

For long-term assays, cells were seeded into 24-well plates and

treated with drugs for 14 days. Drugs were replaced every 3 or

4 days. Cells were fixed and stained with a solution containing 2%

ethanol and 0.2% crystal violet. In both assays, starting cell density

was optimized to produce an 80–90% confluent monolayer in vehi-

cle-treated cells at the conclusion of the experiment.

Western blot

Protein cell lysates were extracted by boiled Laemmli buffer (2.5%

SDS, 125 mM Tris–HCl, PH 6.8), and the lysates were sonicated.

The protein concentration of the supernatant was determined by the

micro-BCA protein assay (Pierce). Equal amounts of whole cell

lysate per lane were boiled in LDS buffer and reducing agent,

according to the manufacturer instructions, and separated by elec-

trophoresis in 4–12% gradient NuPAGE Novex Bis-Tris gels (Life

Technologies) under reducing conditions, and subsequently trans-

ferred to polyvinylidene difluoride membranes (Millipore Immo-

bilon-P). Bound primary antibodies were incubated with

horseradish peroxidase-conjugated secondary antibodies and

detected using chemiluminescence (Luminata HRP substrate, Milli-

pore). Alternatively, membranes were incubated with secondary

conjugates compatible with infrared detection at 700 and 800 nm,

and membranes were scanned using the Odyssey Infrared Imaging

System (Odyssey, LICOR). Western blot quantification was done

using ImageStudioLite software.

Immunoprecipitation

Protein cell lysates were extracted by NP-40 lysis buffer (100 mM

TrisCl, pH8.3, 100 mM NaCl, 0.5% Nonidet P-40—Roche) supple-

mented with tablets of protease and phosphatase inhibitor cocktails

(Roche). Cell lysates were cleared by centrifugation at 4°C for

The paper explained

Problem
PI3k pathway inhibitors (PI3Kpi) represent a rational choice for the
treatment of triple-negative breast cancers (TNBC) that, as a conse-
quence of loss of PTEN tumor suppressor function, show aberrant
PI3K pathway activation. Indeed, pre-clinical models of these tumors
showed sensitivity to PI3Kpi and especially to inhibition of PI3Kb.
However, clinical efficacy of these drugs has been so far modest,
setting the need for more efficient combinatorial approaches.

Results
Through a combination of unbiased screenings and hypothesis-driven
approaches, we identified a molecular network that impairs response
to PI3Kpi in PTEN-null TNBCs. Both the G protein-coupled receptor
PAR1, through engagement of the bc subunit of G protein, and EGFR
were discovered to signal to PI3Kb in these tumors. The two branches
of this pathway can compensate each other and promote the
sustained activation of AKT to override PI3Kpi-mediated blockade.
Simultaneous inhibition of PI3Kb and EGFR efficiently blunted the
activation of the pathway and produced anti-tumor activity both
in vitro and in vivo in different PTEN-null TNBC models.

Impact
This study unveiled signaling nodes that are fundamental for the
survival of PTEN-null TNBCs in the presence of PI3K pathway inhibi-
tors. It also highlighted the combinatorial targeting of PI3Kb and EGFR
as a potential therapeutic strategy to meet the clinical need of treat-
ing PTEN-null TNBCs.
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10 min, and the supernatants were collected and quantified by

micro-BCA protein assay (Pierce). One milligram of protein lysates

was pre-cleared by 50 ll of protein G-Sepharose beads (GE Health-

care 17-0618-01) slurry/sample rotating 30 min at 4°C. Pre-cleared

lysates were centrifuged, and the supernatant was incubated rotat-

ing overnight with EGFR1 antibody (see compounds and reagents

section). The immune-precipitates were then incubated 2 h at 4°C

with 50 ll of Agarose-Ig beads, washed five times with washing

buffer (50 mM TrisCl, pH8.3, 150 mM NaCl, 0.05% Nonidet P-40

supplemented with protease and phosphatase inhibitor tablets) and

re-suspended in LDS buffer and reducing agent. The immune-

complexes were the separated by electrophoresis and transferred on

polyvinylidene difluoride membranes as previously described and

probed with the indicated antibodies.

Quantitative RT–PCR

RNA was isolated (Qiagen), and reverse transcription was

conducted (Applied Biosystems) using standard methods. Quantita-

tive real-time PCR was conducted using gene-specific primers

(QuantiTect Primer Assays, Qiagen) for EGFR and CSNK2B with

Fast SYBR Green Master Mix (Applied Biosystems).

Data availability

Data from shRNA screen are deposited in GEO GSE148785 (https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE148785).

Source data from the CRISPR-Cas9 KO screen are reported in

Table EV3. Data from the GPCR-centered drug screen are reported

in Table EV4.

Expanded View for this article is available online.
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APPLICATION NOTE Nunclon Sphera multiwell plates

Analysis of cancer spheroids through 
high-throughput screening assays

Introduction
Cancer cells grown as spheroids 
resemble human tumors more closely 
than cells grown in monolayers, with 
respect to morphology, structural 
complexity, phenotype, and sensitivity 
to chemotherapeutics. Being more 
physiologically relevant model 
systems, they can be more predictive 
of drug profiling and cytotoxicity. So, 
early screens of drugs have become 
more dependent on 3D cell culture. In 
recent years, tumor-derived spheroids 
have been utilized to optimize 
cancer therapeutics for ovarian and 
hepatocellular carcinoma [1,2,3]. 
However, there are some challenges 
to using spheroids for drug screening: 
primarily, the number of spheroids 
per well, and the shape and size of 
spheroids, need to be uniform in 
order to reduce variability between 
replicates. To address this challenge, 
we compiled tips and tricks on how 
to generate uniform and reproducible 
cancer spheroids for high-throughput 
screening (HTS) assays in an 
application note titled “Generation 
of cancer spheroids—tips and 
tricks”. Additionally, we have outlined 
a workflow for robust 3D cancer 
spheroid generation in Figure 1.

Figure 1. Schematic representation of the process of spheroid generation on 
Thermo Scientific™ Nunclon™ Sphera™ plates.
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Another challenge in working with spheroids is determining 
penetration of drugs to optimize treatment times. Moreover, 
the use of spheroids can complicate experimental design 
and interpretation, but this can be overcome by using the 
right kinds of reagents, equipment, and protocols. Here we 
outline different kinds of HTS assays that can be performed 
on cancer spheroids to assess drug response. We also 
provide some useful guidelines for handling spheroids 
and acquiring data to get the most meaningful results. All 
spheroids were generated on Nunclon Sphera plates using 
the appropriate Gibco™ cell culture medium.

Assays with plate reader–based readouts
Cell viability and cytotoxicity assays using Invitrogen™ 
PrestoBlue™ HS Cell Viability Reagent
This straightforward assay utilizes resazurin as a cell health 
monitor. Upon entering healthy cells, resazurin is reduced 
in the mitochondria to resorufin, resulting in fluorescence 
(Ex/Em 560/590 nm). Using this assay, we compared the 
response of cells in 2D and 3D cultures to doxorubicin, 
a chemotherapeutic agent. Two different types of cancer 
cells (HepG2 and PANC-1) were considered. Spheroids and 
monolayers were treated with doxorubicin either 4 (HepG2) 
or 7 days (PANC-1) after plating and allowed to incubate for 
72 hours. PrestoBlue HS reagent was then added 1:10 (v/v) 
to the spent medium, and spheroids were incubated at 
37°C for 6 hours. 

Following this, high-throughput readouts were obtained 
using the Thermo Scientific™ Varioskan™ LUX Multimode 
Microplate Reader. We recommend taking a top read for 
homogeneity between experimental repeats. Nonlinear 
regression analysis was performed for variable slope of log 
(inhibitor) vs. response to calculate the IC50 using GraphPad 
Prism 5.01. As seen with PANC-1 (Figure 2A), doxorubicin 
treatment caused disintegration of spheroids with 
increasing dose, indicating cytotoxicity. For both cell lines, 
the IC50 of doxorubicin for 3D culture was at least twice 
that for the 2D culture (Figure 2B), suggesting increased 
sensitivity of 2D cultures towards the drug. 

Analyzing PSA levels using the Invitrogen™ PSA 
(Total)/KLK3 Human ELISA Kit 
Prostate-specific antigen (PSA) in serum is a known 
biomarker for prostate cancer diagnosis. The PSA 
(Total)/KLK3 Human ELISA Kit has been successfully used 
to detect PSA in cell culture supernatant from 2D culture 
[4]. Using the manufacturer’s instructions, we compared 
PSA secretion in 2D and 3D cell cultures. We chose the 
LNCaP cell line that expresses the KLK3 gene (which in 
turn encodes PSA) endogenously. Medium from PC-3 
cells, which do not produce PSA endogenously, was used 
as a negative control. LNCaP monolayers and spheroids 
were treated with 2 nM dihydrotestosterone (DHT, which 
enhances PSA expression) or 80 μM cisplatin (represses 
PSA expression) 4 days after plating, and incubated for 
48 hours. Culture supernatant was collected, diluted 1:20 
in diluent buffer, and assayed for secreted PSA using the 
PSA (Total)/KLK3 Human ELISA Kit and the Varioskan 
LUX Multimode Plate Reader for colorimetric reading. The 
colorimetric readings were used to calculate relative PSA 
levels according to the kit instructions. 

Figure 2. Morphology and effectiveness of doxorubicin treatment 
on spheroids in 2D and 3D cultures. (A) Morphology of control and 
doxorubicin-treated PANC-1 spheroids 72 hours posttreatment. Images 
were captured using the Thermo Scientific™ EVOS™ M7000 Imaging 
System under a 4x objective. Scale bar: 650 μm. (B) Dose response 
curves for doxorubicin-treated PANC-1 (left) and HepG2 (right) spheroids in 
2D and 3D cultures.

Figure 3. Quantification by ELISA of secretion of PSA following 
treatment with DHT and cisplatin. Error bars denote standard error of 
the mean. N = 2. *P < 0.01 and **P < 0.001 for difference from untreated 
control by one-way analysis of variance (ANOVA).
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DHT treatment resulted in 17% and 21% increases in 
PSA secretion in 2D and 3D culture, respectively, while 
treatment with cisplatin reduced endogenous PSA 
secretion by 22–23% (Figure 3). However, 3D culture did 
not show any major difference in resting or induced PSA 
levels from 2D culture. This exemplifies how conditioned 
medium from spheroids can be used for high-throughput 
non–cell-based assays. In fact, using appropriate readouts, 
multiplexing of assays can also be performed.

Assays with image-based readouts
Cell viability/cytotoxicity assay using Invitrogen™ 
LIVE/DEAD™ kit
The LIVE/DEAD kit is a two-color assay that measures cell 
viability based on plasma membrane integrity and esterase 
activity. It discriminates live cells from dead cells by staining 
live cells with Invitrogen™ calcein AM, which is converted to 
green-fluorescent calcein by intracellular esterase activity, 
and dead cells with red-fluorescent ethidium homodimer 
1 (EthD-1), indicating loss of plasma membrane integrity. 
After 1 day in culture, SKOV-3 spheroids were treated 
with various concentrations of the chemotherapeutic 
drug paclitaxel for 72 hours, followed by incubation with 
1 μM each of calcein AM and EthD-1 at 37°C for 3 hours. 
Following this, spheroids were washed by exchanging 
half of the medium with 1X PBS, then imaged. We found 
that exchanging the medium gently from the sides of 
the wells works better than centrifuging the plates and 
helps the spheroids stay at the center of the wells, thus 
aiding in image acquisition (Figure 4A). Spheroids were 
autofocused using the DAPI channel (they were incubated 
with Invitrogen™ NucBlue™ Live ReadyProbes™ Reagent 
along with calcein AM and EthD-1 staining), and the 

centered, maximum-intensity image projection was used 
to capture the z-stacks. Images were captured using the 
Thermo Scientific™ CellInsight™ CX7 High-Content 
Screening Platform and analyzed using the cell viability 
tool on Thermo Scientific™ HCS Studio Cell Analysis 
Software 4.0. Calcein fluorescence values in the treated 
samples were normalized to those of the control samples 
to calculate percentage of viable cells. Values were 
plotted against paclitaxel concentration using GraphPad 
Prism software. Increasing paclitaxel concentration led to 
concomitant reduction in cell viability (Figure 4B). 

Apoptosis assay using Invitrogen™ CellEvent™ 
Caspase-3/7 Green Detection Reagent 
The reagent is a four–amino acid peptide (DEVD) 
conjugated to a nucleic acid–binding dye. The dye 
is nonfluorescent unless DEVD is cleaved by active 
caspase-3/7. Following DEVD cleavage, the dye is able to 
bind to DNA and give a fluorescence signal, providing a 
means to detect cells undergoing caspase-3/7–dependent 
apoptosis. MDA-MB-231 spheroids were formed using 
collagen I as previously described, and on day 4 treated 
with various concentrations of the caspase-dependent, 
apoptosis-inducing drug etoposide for 72 hours. 
Spheroids were then incubated with 2 μM of the CellEvent 
Caspase-3/7 Green Detection Reagent and 1 drop of 
Invitrogen™ NucBlue™ reagent per milliliter of PBS at 37°C 
for 2 hours. If PBS is used at this stage, spheroids do not 
require additional washing. Images were captured on the 
CellInsight CX7 High-Content Screening Platform under a 
4x objective in confocal mode and analyzed using the spot 
measurement tool of HCS Studio software 4.1. 
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Figure 4. Cell viability assay analysis. (A) Image montage showing LIVE/DEAD staining of SKOV-3 spheroids following treatment with paclitaxel. 
Images were acquired using the CellInsight CX7 HCS Platform under a 4x objective and in confocal mode. Cells treated with 70% methanol (to kill the 
cells) in the specified wells served as a negative control for the assay. (B) Plot of percent viability of cells with increasing paclitaxel concentrations. The 
values obtained using HCS Studio software were plotted in GraphPad Prism software and were fit to scale using nonlinear regression. N = 2.
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Compared to the control, there was an increase 
in caspase-3/7 signal with increasing etoposide 
concentration. However, beyond 6 μM etoposide, the 
caspase-3/7 signal decreased gradually, possibly owing 
to an increase in cell death (Figure 5A, B). Another point 
to note is that the extracellular matrix created background 
in staining, but using the background removal function 
for the green channel in HCS Studio software removed it 
(Figure 5C).

Cell proliferation assay using the Invitrogen™ ClickiT™ 
EdU Cell Proliferation Kit
This kit uses “click” chemistry to detect cells undergoing 
new DNA synthesis. T-47D cells were allowed to form 
spheroids for 24 hours, after which they were treated with 
100 nM colchicine, an inhibitor of the mitotic phase of 
the cell cycle. After approximately 30 hours of treatment, 
50% of the spent medium was exchanged with fresh 
medium containing 20 μM EdU and incubated overnight 
at 37⁰C. Proliferating cells that had incorporated EdU 
were detected using the Click-iT EdU Cell Proliferation 
Kit with slight changes in the manufacturer’s protocol. 
Briefly, cells were fixed in 3.7% Thermo Scientific™ Pierce™ 
Formaldehyde for 30 minutes and permeabilized with 
0.25% Thermo Scientific™ Triton™ X-100 detergent for 
1 hour, followed by incubation with Click-iT EdU dye 
detection cocktail overnight (as opposed to 30 minutes 
at room temperature as stated in the kit instructions). 

Due to multiple washes involved in the protocol, it is 
possible that spheroids get dislodged from the center 
of the well. As a result, they don’t always fall completely 
in the path of light. This gives erroneous readings and 
variability between replicates. Thus, visualizing the 
spheroids followed by analysis gives more meaningful data. 
An example is shown in Figure 6A. Here, both spheroids 
have been dislodged from the center of the well, but the 
spheroid in the right panel (shown with arrow) is only 
partially captured in the field of view. Hence it was excluded 
from the analysis. Also, small spheroids (200–400 μm) had 
to be used in the assay to capture most of the spheroids 
on the Thermo Scientific™ CellInsight CX7 and CX7 LZR 
HCS Platforms. However, this challenge has been resolved 
with a new software technology, Thermo Scientific™ 
EurekaScan™ Finder. EurekaScan Finder has a “seek and 
find” feature for the CellInsight CX7 LED and LZR HCS 
Platforms aimed at accelerating discovery by automating 
the identification and capture of irregularly seeded 
biological samples, including spheroids, at progressively 
higher magnifications. With the EurekaScan Finder feature 
applied, specimens are identified during low-magnification 
“seek” operations and, once “found”, efficiently scanned at 
higher magnifications for optimal resolution. EurekaScan 
Finder allows scientists to first identify samples using low 
magnification across large surface areas, capture them 
at intermediate magnification, then evaluate them for rare 
events or improved resolution at higher magnifications. 
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Figure 5. Apoptosis assay analysis. (A) Representative images of control and etoposide-treated MDA-MB-231 spheroids. Scale bar: 500 μm. (B) Plot 
of caspase-3/7 signal intensity against increasing concentrations of etoposide. Six spheroids were considered for every treatment concentration. The plot 
was generated using GraphPad Prism software from the data obtained from HCS Studio software. Error bars represent standard deviation; N = 2. (C) 
Representation of raw channel (left) and background-corrected channel image (right) for MDA-MB-231 spheroids.
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Nevertheless, buffer exchanges should be performed 
carefully, as scratches in the wells give background signal 
during imaging, leading to noise in analysis. 

For cell proliferation analysis, the spheroid was masked 
to negate background signal intensity. As depicted 
qualitatively in Figure 6B and quantitatively in 6C, colchicine 
treatment led to a significant reduction in proliferating cells 
in spheroids, indicated by reduced EdU signals.

Conclusion 
Though spheroids can be more complicated to analyze 
than cells cultured under standard 2D conditions, we 
have shown that a wide variety of cell-based as well as 
culture supernatant–based assays can be optimized to 
test drug responses in cancer cells grown in 3D. For 
the majority of cases, increasing the incubation time of 
drugs as well as detection reagents for 3D cultures helps 

reagents better penetrate the spheroids and results in 
more meaningful data. We recommend keeping washes 
to a minimum and instead using media exchanges. Based 
on our observations, centrifuging spheroid-containing 
plates multiple times does not help to settle spheroids 
at the bottom, especially if the spheroids are fixed. So, 
exchanging buffer carefully and gently along the sides of 
wells is recommended. For comparative studies where 
analysis can be done on the medium rather than the cells, 
e.g., PrestoBlue HS reagent or ELISA, a microplate-based 
readout is the preferred method. However, when the 
readout is cell based and involves multiple buffer exchange 
steps, such as the CellEvent Caspase-3/7 Green Detection 
Reagent for apoptosis studies or Click-iT EdU detection kit 
for cell proliferation studies, an image-based readout will 
yield more reliable and reproducible information about the 
cellular effect of drugs. 
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Figure 6. Cell proliferation assay analysis. (A) Field view of a fully captured (left) and a partially captured (right) spheroid as the latter got dislodged 
during washing. (B) Representative images showing Click-iT EdU staining (red) in T-47D spheroids without and with colchicine treatment. Images 
were acquired using the CellInsight CX7 HCS Platform under a 4x objective and in confocal mode. Scale bar: 200 μm. (C) Dot plot analysis of cellular 
proliferation in T-47D spheroids without and with colchicine treatment. The general intensity measurement tool in HCS Studio software 4.0 was used to 
analyze the Click-iT EdU signal (y-axis); N = 2. P < 0.0005 for difference from control by unpaired t-test.
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Nevertheless, buffer exchanges should be performed 
carefully, as scratches in the wells give background signal 
during imaging, leading to noise in analysis. 

For cell proliferation analysis, the spheroid was masked 
to negate background signal intensity. As depicted 
qualitatively in Figure 6B and quantitatively in 6C, colchicine 
treatment led to a significant reduction in proliferating cells 
in spheroids, indicated by reduced EdU signals.

Conclusion 
Though spheroids can be more complicated to analyze 
than cells cultured under standard 2D conditions, we 
have shown that a wide variety of cell-based as well as 
culture supernatant–based assays can be optimized to 
test drug responses in cancer cells grown in 3D. For 
the majority of cases, increasing the incubation time of 
drugs as well as detection reagents for 3D cultures helps 

reagents better penetrate the spheroids and results in 
more meaningful data. We recommend keeping washes 
to a minimum and instead using media exchanges. Based 
on our observations, centrifuging spheroid-containing 
plates multiple times does not help to settle spheroids 
at the bottom, especially if the spheroids are fixed. So, 
exchanging buffer carefully and gently along the sides of 
wells is recommended. For comparative studies where 
analysis can be done on the medium rather than the cells, 
e.g., PrestoBlue HS reagent or ELISA, a microplate-based 
readout is the preferred method. However, when the 
readout is cell based and involves multiple buffer exchange 
steps, such as the CellEvent Caspase-3/7 Green Detection 
Reagent for apoptosis studies or Click-iT EdU detection kit 
for cell proliferation studies, an image-based readout will 
yield more reliable and reproducible information about the 
cellular effect of drugs. 
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Figure 6. Cell proliferation assay analysis. (A) Field view of a fully captured (left) and a partially captured (right) spheroid as the latter got dislodged 
during washing. (B) Representative images showing Click-iT EdU staining (red) in T-47D spheroids without and with colchicine treatment. Images 
were acquired using the CellInsight CX7 HCS Platform under a 4x objective and in confocal mode. Scale bar: 200 μm. (C) Dot plot analysis of cellular 
proliferation in T-47D spheroids without and with colchicine treatment. The general intensity measurement tool in HCS Studio software 4.0 was used to 
analyze the Click-iT EdU signal (y-axis); N = 2. P < 0.0005 for difference from control by unpaired t-test.
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 Find out more at thermofisher.com/sphera

Ordering information

Product Cat. No.

Plastics 

Nunclon Sphera 96-well plates 174925

Nunclon 96-well optical-bottom plates 164588

Matrix Reagent Reservoirs 8094

Media, serum, and antibiotics

DMEM (PANC-1, MDA-MB-231) 31966021

MEM (HepG2) 11095080

RPMI (LNCaP, T47D) 72400047

McCoy’s 5A (SKOV-3) 16600082

Fetal Bovine Serum (FBS) 10270106

Penicillin-Streptomycin 15140122

Reagents and kits

Phosphate-Buffered Saline (PBS) 10010031

PrestoBlue HS Cell Viability Reagent P50201

LIVE/DEAD Viability/Cytotoxicity Kit L3224

NucBlue Live ReadyProbes Reagent R37605

PSA (Total)/KLK3 Human ELISA Kit EHKLK3T

CellEvent Caspase-3/7 Green Detection Reagent C10423

Click-iT Plus EdU Cell Proliferation Kit C10639

Instruments

CellInsight CX7 LZR High-Content Screening (HCS) Platform A46120

Varioskan LUX Multimode Microplate Reader N16045

EVOS M7000 Imaging System AMF7000

Pipettes

Finnpipette F1 Multichannel Pipettes 4661020N, 4661030N
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