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Significance

 We show that X-inactive specific 
transcript (XIST), a long 
noncoding RNA that controls X 
chromosome dosage 
compensation during embryo 
development, plays a critical role 
in regulating ovarian cancer cell 
stemness and plasticity. XIST 
expression is significantly 
reduced in ovarian tumors, 
correlating to a higher stemness 
index and poorer patient survival. 
Knockdown of XIST in ovarian 
cancer cell lines enhances cancer 
cell stemness and promotes the 
transition between cancer stem 
cell subtypes, particularly under 
hypoxic conditions. These 
findings suggest that XIST is 
essential for maintaining cellular 
identity in ovarian cancer, 
highlighting its role beyond 
embryonic development in 
influencing cancer outcomes.
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CELL BIOLOGY

Loss of XIST lncRNA unlocks stemness and cellular plasticity 
in ovarian cancer
Ikrame Naciria,1 , Minzhi Lianga,2,3, Ying Yangb, Heather Karnera,4, Benjamin Lina,5 , Maria De Lourdes Andrade Ludenaa , Eric A. Hanseb,  
Alfredo Lebrona, Olga V. Razorenovab , Dequina Nicholasb , Mei Kongb , and Sha Suna,1
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Edited by Jeannie Lee, Harvard Medical School, Boston, MA; received September 4, 2024; accepted October 16, 2024

Plasticity, a key hallmark of cancer, enables cells to transition into different states, driving 
tumor heterogeneity. This cellular plasticity is associated with cancer progression, treatment 
resistance, and relapse. Cancer stem cells (CSCs) play a central role in this process, yet 
the molecular factors underlying cancer cell stemness remain poorly understood. In this 
study, we explored the role of XIST (X-inactive specific transcript) long noncoding RNA 
in ovarian cancer stemness and plasticity through in silico and in vitro analyses. We found 
that XIST is significantly down-regulated in ovarian tumors, with low XIST expression 
linked to a higher stemness index and lower overall survival. Knocking down XIST in 
ovarian cancer cells enhanced stemness, particularly increasing mesenchymal-like CSCs, 
and under hypoxic conditions, it promoted epithelial-like CSC markers. Our findings 
suggest that XIST loss leads to CSC enrichment and cellular plasticity in ovarian cancer, 
pointing to potential therapeutic targets for patients with low XIST expression.

epigenetics | cellular plasticity | XIST | cancer stem cell | ovarian cancer

 As a complex genetic and epigenetic disease, cancer has significant intertumor heteroge-
neity (between patients) and intratumor heterogeneity (within patients) ( 1 ). Intratumor 
heterogeneity refers to the different cell types within a tumor that exhibit distinct pheno-
types. Cancer Stem Cells (CSCs), a subpopulation of cancer cells, also known as 
tumor-initiating cells, play a crucial role in contributing to tumor cell heterogeneity ( 2 ). 
The characteristics of CSCs are similar to those of stem cells (SCs), including self-renewal, 
tumor initiation potential, and differentiation into multiple tumor cell types ( 2 ,  3 ). These 
characteristics allow them to sustain tumor development and propagation. Furthermore, 
CSCs contribute to cellular plasticity in tumors ( 4 ). Among all the hallmarks of cancer, 
cellular plasticity is an emerging one that has gained traction ( 5 ). When cancer cells 
undergo dedifferentiation and return to a progenitor-like/stem-like state, they can over-
come antiproliferative signaling that occurs in differentiated cells and promote proliferation 
( 2 ,  5 ).

 In ovarian cancer, CSCs were identified 18 y ago by isolating tumor-initiating cells from 
a patient's ascites ( 6 ). Since then, molecular characterization of CSCs has gained increasing 
attention. Ovarian CSC markers have been identified, including the surface markers CD44 
and CD24 ( 7     – 10 ). Additionally, CSCs are heterogeneous, with different subtypes exhibiting 
various phenotypes and markers within the tumor. In breast cancer, it has been shown that 
proliferative epithelial-like CSCs (E-CSCs) are CD44low /CD24high  and express the 
ALDH1A1/A3 enzyme, while quiescent mesenchymal-like CSCs (M-CSCs) are CD44high /
CD24low  ( 11 ,  12 ). In ovarian cancer, CD44 has also been shown to be expressed in M-CSC 
( 13 ). The significance of CSCs in ovarian cancer has promoted interest in using them as 
potential therapeutic targets for overcoming resistance to treatment and cancer metastasis 
( 14 ). It has been suggested that long noncoding RNAs (lncRNAs), a class of transcripts 
larger than 500 nucleotides, play an important role in CSC maintenance ( 15 ,  16 ). 
Understanding the regulatory mechanisms of lncRNAs in cancer cell stemness could provide 
valuable insights into the development of cancer ( 17 ). Some lncRNAs have been proposed 
as promising cancer biomarkers and therapeutic targets due to their documented molecular 
functions and high level of expression specificity ( 18 ,  19 ). The XIST (X-inactive specific 
transcript) lncRNA has been linked to cancer in mice and humans ( 20     – 23 ). XIST is one of 
the first lncRNAs identified and is known as the master regulator of X chromosome inac-
tivation (XCI) ( 24 ). XCI is a developmentally regulated dosage compensation process that 
balances X-linked gene expression between females and males in mammals. Xist-null female 
mice are born at very low frequency and die before adulthood ( 25 ). However, conditional 
deletion of Xist in the hematopoietic lineage leads to female-specific marrow fibrosis and 
leukemia ( 22 ), which are associated with enrichment of SCs and increased cell cycle activity. 
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It has been proposed that XIST lncRNA can be used as a biomarker 
for treatment and prognostic marker in breast and testicular cancer 
( 20 ,  26 ). XIST is dysregulated in breast cancer and loss of XIST is 
often associated with breast tumors with poor prognosis ( 12 ,  21 ). 
The loss of XIST can trigger X chromosome reactivation, leading 
to overexpression of X-linked genes, which causes cancer progression 
( 27 ). However, XIST loss does not result in massive X chromosome 
reactivation in human mammary SCs; only a few genes are reacti-
vated, including the chromatin mediator MED14. Overexpression 
of MED14 interferes with differentiation and homeostasis in mam-
mary SCs ( 21 ). Moreover, the study found that mice carrying an 
oncogenic mutation suffer from tumorigenesis when XIST is lost 
in mammary SCs. Additional examples and evidence are required 
to better understand how XIST regulates cancer cells and how it 
affects cancer susceptibility, especially in cancers that predominantly 
affect women ( 21 ,  22 ,  28 ,  29 ).

 Here, we set out to investigate the expression of XIST lncRNA 
in ovarian tumors and elucidate its role in ovarian cancer cellular 
plasticity. By analyzing the downregulation of XIST associated 
with poorly differentiated ovarian cancer grades and its correlation 
with poor overall survival, we identified the significance of XIST 
in determining cancer cell stemness and cellular characteristics. 
Our study using XIST knockdown (KD) in ovarian cancer cell 
lines demonstrated how XIST affects cancer SC heterogeneity and 

that the loss of XIST lncRNA promotes cancer cell invasion and 
migration. Ovarian cancer cells with XIST KD also exhibit 
enhanced resistance to cell death under hypoxia, suggesting that 
XIST is involved in CSC maintenance and regulation. By con-
trolling the cellular plasticity of ovarian cancer cells, XIST plays 
a critical role in ovarian cancer progression. 

Results

XIST Is Down-Regulated in Ovarian Tumors, Which Correlates 
with a Higher Stemness Index and a Lower Survival Rate. To 
determine XIST expression patterns in ovarian tumors, we used The 
Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression 
(GTEx) database (30, 31). Our study compared the expression of 
XIST in 430 tumor samples and 195 normal ovarian tissues. In 
contrast to nontumor normal tissue samples, tumor samples had a 
10-fold lower expression of XIST (Fig. 1A). To investigate further, 
we examined XIST expression across different tumor histological 
grades. The histological grade indicates cell differentiation, with 
Grade 1 for well-differentiated tumor cells, Grade 3 for poorly 
differentiated cells, and Grade Borderline (GB) for noncancerous 
ovarian tumors. As compared to GB/G1 grade, higher-grade tumors, 
particularly Grade 3 (G3), showed significantly lower expression of 
XIST (P < 0.05 for G3 vs. GB/G1 and G2 vs. GB/G1) (Fig. 1B).

A B C

D E

Fig. 1.   XIST is down-regulated in ovarian tumors in cancer patients, and XIST-low expression is associated with poor prognosis. (A) XIST expression in 430 ovarian 
tumors (TCGA cohort) compared to 195 normal ovaries (GTEx database). (B) XIST expression in ovarian tumors sorted by grade compared to normal ovaries 
(GB: Grade borderline, G2: Grade 2; G3: Grade 3). (C) Stemness index of ovarian tumors with high (Upper quartile) vs. low XIST (Lower quartile) expression. (D) 
Kaplan–Meier curve showing survival of patients with ovarian tumors of low and high XIST expression. (E) Kaplan–Meier curve showing survival of patients with 
Grade 3 ovarian tumors of low and high XIST expression. (A–C) The statistical analyses were performed with a two-tailed t test (* for P < 0.05, ** for P < 0.01, 
**** for P < 0.0001, ns: non-significant).
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 The lncRNA XIST controls XCI (X chromosome inactivation) 
in all somatic cells, so we investigated whether XIST downregulation 
was associated with XCI regulation in ovarian cancer cells. XIST 
and its flanking regulatory lncRNA genes, such as JPX (Just Proximal 
of Xist) and FTX (lncRNA Five Prime to Xist), determine the ini-
tiation of XCI as well as the decision to silence one of the two 
X-chromosomes in female cells ( 32       – 36 ). We examined the expres-
sion profiles of JPX and FTX, which positively regulate XIST. Both 
lncRNAs were expressed in ovarian tumors at a twofold lower level 
compared to nontumoral samples (SI Appendix, Fig. S1 A  and B ), 
suggesting that XCI elements were down-regulated in ovarian cancer 
cells. To determine whether XIST, JPX, and FTX downregulation 
could be caused by chromosomal deletions, we also examined Copy 
Number Variation (CNV) across ovarian cancer grades. XIST, JPX, 
and FTX copy numbers showed no significant differences by grade 
(SI Appendix, Fig. S1 C –E ), suggesting that gene regulatory changes 
and transcriptional repression were more likely causes of reduced 
XIST expression in ovarian tumors than chromosomal deletion.

 As Grade 3 ovarian tumors showed low XIST expression and pre-
vious reports have shown that XIST regulates breast cancer SCs ( 12 , 
 21 ), we investigated whether ovarian tumors with low XIST expres-
sion had a more undifferentiated cellular state. Using an mRNA 
stemness index developed by Malta et al. ( 37 ), which utilizes a 
machine-learning algorithm to extract transcriptomic signatures from 
various SC databases, we evaluated the stemness index in TCGA 
ovarian cancer patient samples. We validate the stemness index by 
examining the mRNA stemness index by grade. Grade 3 tumors 
displayed the highest stemness index, consistent with the histopa-
thology grading for poorly differentiated cancer cells (SI Appendix, 
Fig. S1F﻿ ). Then, an mRNA stemness index is calculated for each 
subgroup of tumors belonging to the first quartile (high) and the last 
quartile (low) of XIST expression. In contrast to samples with high 
XIST expression, samples with low XIST expression showed a higher 
mRNA stemness index ( Fig. 1C  ), suggesting the presence of more 
cancer SCs in tumors with low XIST expression.

 As Grade 3 tumors are associated with increased aggressiveness 
and unfavorable prognosis, we investigated whether the expression 
level of XIST could impact patient outcomes ( 38 ) We used the 
Kaplan–Meier plotter, a web database that combines gene expres-
sion data from multiple sources and clinical information to gen-
erate Kaplan–Meier curves ( 39 ), which showed that patients with 
low XIST expression had a significantly shorter overall survival 
time (40.43 vs. 53.27 mo,  Fig. 1D  ). Within Grade 3 tumors, lower 
XIST expression was also associated with poor survival (41.63 vs. 
48.20 mo,  Fig. 1E  ). Overall, results from our in silico analysis 
demonstrated a significant downregulation of XIST in ovarian 
cancer patient samples, particularly in higher-grade tumors. The 
downregulation of XIST was associated with a higher stemness 
index and an unfavorable prognosis, suggesting that XIST plays 
a role in regulating ovarian cancer SCs.  

XIST KD in Ovarian Cancer Cell Lines Induces Cell Morphological 
Changes, Increases Cell Nucleus Size, and Enhances CSC Population. 
To better understand the role of XIST in ovarian cancer cell stemness, 
we examined XIST expression in ovarian cancer cell lines through 
the CCLE (Cancer Cell Line Encyclopedia) database (40). There 
are several biological subtypes of ovarian cancer cells, with High-
Grade Serous Carcinoma (HGSC) being the most prevalent subtype, 
accounting for approximately 70% of ovarian cancer cases. Clear 
Cell Carcinomas (CCC) account for about 10% of all cases, and 
they are the most aggressive subtype (41). XIST expression was low 
across all biological subtypes, as observed in ovarian patient samples. 
Nevertheless, OVCAR3 and SKOV3, belonging to the HGSC and 
CCC subtypes, respectively, exhibited XIST expression similar to 

normal ovary XIST expression (>100 transcripts per million, Fig. 2A). 
Our study has used OVCAR3 and SKOV3 as ovarian cancer cell 
models because these two cell lines have been extensively studied and 
characterized (42, 43), and both of them express relatively high levels 
of XIST compared to other ovarian cancer cell lines, which allows us 
to investigate the function of XIST through gene KD.

 We performed XIST-KD in ovarian cancer cells using CRSPRi 
(CRISPR interference). We first established OVCAR3 and SKOV3 
cell lines that stably express a dead Cas9-KRAB (dCas9-KRAB) 
fusion by lentiviral transduction followed by antibiotic selection; the 
cell lines are referred to as OVCAR3-KRAB and SKOV3-KRAB 
hereafter. These cells did not exhibit any changes in cell morphology 
or XIST expression as a result of the dCas9-KRAB transgene. We 
then transduced OVCAR3-KRAB and SKOV3-KRAB cell lines 
with either a control sgRNA (sgCtl) or a sgRNA targeting XIST 
promoter (sgXIST). We used two sgXIST RNAs, sgXIST7 and sgX-
IST9, which target different sequence regions of the XIST promoter. 
We established monoclonal cell lines and selected clones that lost 
XIST expression ( Fig. 2B  ). For OVCAR3-KRAB, we obtained six 
sgCtl clones, eleven sgXIST7 clones, and fourteen sgXIST9 clones. 
Eleven of the sgXIST clones had reduced XIST expression by more 
than 60%. For SKOV3-KRAB, we obtained one sgCtl clone, thir-
teen sgXIST7 clones, and twenty sgXIST9 clones. Eighteen of the 
sgXIST clones had reduced XIST expression by more than 60% 
(SI Appendix, Fig. S2 A  and B ). In both ovarian cancer cell lines, 
CRISPRi was effective in knocking down XIST expression. We val-
idated KD efficiencies using RT-qPCR ( Fig. 2C   and SI Appendix, 
Fig. S2B﻿ ) and RNA fluorescent in situ hybridization (FISH) 
( Fig. 2D  ). In both OVCAR3-KRAB and SKOV3-KRAB cell lines, 
we observed changes in cell morphology associated with XIST KD. 
DAPI staining of these cells revealed changes in cell nucleus size. 
OVCAR3-KRAB and SKOV3-KRAB cells with XIST KD showed 
larger cell nuclei ( Fig. 2D  ). Such morphological phenotypes are typ-
ically associated with mesenchymal cells ( 44 ), suggesting the possi-
bility that XIST KD might induce an epithelial-to-mesenchymal 
transition (EMT) in these ovarian cancer cells.

 Furthermore, it was found that OVCAR3-KRAB cells with XIST 
KD were larger and spindle-like than control cells, while SKOV3- 
KRAB cells with XIST KD were more elongated than control cells, 
exhibiting more fibroblast-like morphology ( Fig. 2E  ). In addition, 
XIST KD may increase CSCs in ovarian cancer cells based on our 
finding of a higher stemness index in ovarian tumors with low XIST 
expression ( Fig. 1C  ). We performed side population assay ( 45 ) to 
determine whether CSCs increased after XIST KD. The assay is 
based on the proprieties of SCs to efflux dye due to their high expres-
sion of ABC transporters. After 90 min of staining with Hoechst 
33342, cells with low dye staining are defined as the side population 
(SP) by flow cytometry. We validated our SP gating by performing 
the same experiment with an ABC transporter inhibitor (Reserpine) 
that prevents Hoechst from being effluxed from the cells, after the 
selection of single live cells (SI Appendix, Fig. S2 ). In both SKOV3- 
KRAB and OVCAR3-KRAB cell lines, SP was significantly enriched 
after XIST KDs: OVCAR3-KRAB cells showed a threefold increase 
in SP for both sgXIST7 and sgXIST9 ( Fig. 2F  ); SKOV3-KRAB cells 
showed an 81-fold increase in SP for sgXIST7 and an 18-fold 
increase in SP for sgXIST9 ( Fig. 2G  ). As expected, cells treated with 
Reserpine showed a depletion of SP in both cell lines. Overall, our 
findings suggest that ovarian cancer cells with XIST KD undergo 
EMT and are enriched with CSCs.  

Transcriptome Analysis Reveals Upregulation of CSC-Specific 
Pathways Associated with XIST KD. As part of our investigation into 
the molecular mechanisms that lead to the phenotypic changes caused 
by XIST KD, we analyzed the transcriptomes of OVCAR3-KRAB 
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Fig. 2.   XIST expression in ovarian cancer cell lines and effects of XIST KD. (A) XIST expression in ovarian cancer cell lines from CCLE sorted by ovarian cancer 
subtypes: HGSC, CCC, Endometrioid, LGSC (Low-Grade Serous Carcinoma), and Mucinous. OVCAR3 and SKOV3 show high expression of XIST compared to other 
ovarian cancer cell lines (red dots). (B) Scheme of XIST KD in ovarian cancer cell line using CRISPRi technology. (C) XIST expression analysis by RT-qPCR after KD 
of XIST and clonal selection in OVCAR3-KRAB and SKOV3-KRAB. The statistical analyses were performed with a two-tailed ANOVA test. (D) FISH of XIST lncRNA 
in OVCAR3-KRAB (Upper) and SKOV3-KRAB (Lower). The histograms on the right represent nucleus area measurement in OVCAR3-KRAB (Upper) and SKOV3-
KRAB (Lower) after XIST KD with sgXIST7 and sgXIST9. Two-tailed one-way ANOVA statistical test. (Scale bar, 10 µm.) (E) Brightfield images of OVCAR3-KRAB and 
SKOV3-KRAB clonal cell lines. (Scale bar, 200 µm.) (F) Side population assay in OVCAR3-KRAB after XIST KD in clonal cells. Upper panels represent results without 
ABC transporter inhibitor Reserpine, and Bottom panels represent results from cells treated with 15 µM of Reserpine (negative control). Side population was 
gated by performing the experiment with an ABC transporter inhibitor Reserpine. (G) Side population assay in SKOV3-KRAB after XIST KD in clonal cells. Upper 
panels represent results without ABC transporter inhibitor Reserpine, and Bottom panels represent results from cells treated with 15 µM of Reserpine (negative 
control). Side population was gated by performing the experiment with an ABC transporter inhibitor Reserpine. (C–G) The statistical analyses were performed 
with a two-tailed t test. (* for P < 0.05, ** for P < 0.01, **** for P < 0.0001, ns: nonsignificant). All experiments have been performed at least 3 times.
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clonal cells by RNA sequencing (RNA-seq). We validated the loss of 
XIST expression in cells with sgXIST7 and sgXIST9 (Fig. 3A). Since 
XIST is involved in X chromosome inactivation, we first examined 
whether XIST loss led to the reactivation of X-linked genes. Only 
a few genes were reactivated: 15 X-linked genes were significantly 
up-regulated by sgXIST7 and 16 genes by sgXIST9 among 500 X 
chromosome genes (adjusted p-value cut off = 0.01, log2 fold change 
cut off = 1) (SI Appendix, Fig. S3), consistent with other reports that 
indicate XIST loss does not cause chromosomal-wide X-linked gene 
reactivation (21, 22, 46).

 Based on differential gene expression analysis, 454 up-regulated 
and 327 down-regulated genes were identified in both sgXIST7 
and sgXIST9 samples compared to sgCtl samples (adjusted 
﻿P﻿-value cut off = 0.01, log2 fold change cut off = 1) ( Fig. 3B   and 
﻿Dataset S1 ). In both sgXIST7 and sgXIST9 samples, there was a 
significant upregulation of NESTIN, which is SC markers of 
mesenchymal-like CSCs (M-CSC), a subtype of CSC ( 47 ). In 
contrast, the SC surface markers CD24 and ALDH1A3, specific 
for epithelial-like CSCs (E-CSC) ( 11 ,  48 ), were significantly 
down-regulated in both sgXIST samples. The loss of XIST in 
ovarian cancer cells may have changed CSC subtypes.

 The Gene Set Enrichment Analysis (GSEA) of mean XIST KD 
counts, using the Hallmarks gene set from Msigdb, showed an 
enrichment of pathways up-regulated in CSCs, such as the 
MTORC1 signaling pathway (NES 2.86) and the MYC target 
pathway (NES 2.60) ( Fig. 3C  ) ( 49   – 51 ). With the TCGA ovarian 
cancer database, we also identified the same pathway enrichment 
in ovarian cancer patients using the GSEA preranked option 
( Fig. 3D  ). Furthermore, the oxidative phosphorylation pathway 
(OXPHOS), which is highly used by CSC ( 2 ), was enriched in 
OVCAR3-KRAB cells with XIST KD as well as in TCGA ovarian 
cancer patient samples ( Fig. 3 C  and D  ). XIST KD also resulted 
in an enrichment of the epithelial-to-mesenchymal hallmark in 
ovarian cancer cells ( Fig. 3 C  and D  ), consistent with observed 
morphological changes ( Fig. 2D  ). Moreover, Gene Ontology of 
biological pathway revealed that mesenchymal differentiation was 
down-regulated in OVCAR3-KRAB cells with XIST KD 
( Fig. 3E  ), suggesting that the loss of XIST may have promoted a 
more progenitor/stem-like state in ovarian cancer cells.

 We examined the stemness composition of OVCAR3-KRAB 
cells with XIST KD using mRNA SC-derived embryoid bodies 
index (EB-index), which reflects the transcriptomic signature of 
embryonic bodies made of pluripotent SCs, mesoderm, endo-
derm, and ectoderm progenitor cells ( 52 ). This index has also been 
developed as previously described for the mRNA stemness index. 
We found that the EB-index is higher in cells with XIST KD than 
in sgCtl cells ( Fig. 3F  ). Therefore, we investigated whether a par-
ticular type of progenitor cells was specifically enriched in the 
XIST KD cells. We observed a higher mesoderm index in 
OVCAR3-KRAB cells with XIST KD ( Fig. 3F  ), suggesting a 
higher population of mesoderm progenitor cells. As the mesoderm 
is the ovaries' developmental origin and the primary source of 
mesenchymal SCs ( 53 ,  54 ), our analysis thus validated that XIST 
KD increases the mesenchymal SC population in ovarian cancer 
cells. As a result, the upregulation of mesenchymal stemness mark-
ers, epithelial to mesenchymal pathways, and the increase in mes-
odermal index suggest that loss of XIST promotes ovarian CSCs 
specifically of the M-CSC subtype.  

XIST KD Induces Mesenchymal-Like CSC Enrichment in Ovarian 
Cancer Cells. Mesenchymal-like CSC (M-CSC) subtype has been 
established in breast cancer: mesenchymal-like CSCs are highly 
invasive, and express high levels of CD44 cell surface marker but 
low levels of CD24 marker (CD44high/CD24low) (11). We used 

flow cytometry to determine whether ovarian cancer cells with 
XIST KD exhibited the same mesenchymal-like SC characteristics 
with CD44high/CD24low as breast CSCs. XIST KD resulted in a 
significant enrichment of the CD44high/CD24low population in 
OVCAR3-KRAB cells (3.21 mean fold increase) and SKOV3-
KRAB cells (61.5 mean fold increase), indicating M-CSC 
enrichment (Fig. 4A). Using cell invasion and migration assays, 
we validated our RNA-seq results which showed higher EMT gene 
expression (Fig. 3C) and determined whether XIST KD cells had 
invasion and migration characteristics similar to M-CSC. Ovarian 
cancer SKOV3ip cells are known to be highly invasive (55) and 
XIST KD did not significantly alter cell invasion or migration 
in SKOV3-KRAB; however, OVCAR3-KRAB cells with XIST 
KD exhibited increased invasion and migration (Fig. 4 B and C). 
Therefore, loss of XIST in ovarian cancer cells can result in the 
enrichment of M-CSC with similar characteristics as in breast 
cancer.

 To examine molecular features, we performed GSEA on the 
OVCAR3-KRAB transcriptome profiles to identify the mesenchymal- 
like cancer SC signature associated with XIST expression. We took 
advantage of the metabolic signature of M-CSC defined by Luo et al. 
and had the signature of mesenchymal-associated cancer cells defined 
by Fan et al. ( 11 ,  56 ). A list of 55 genes was used to determine 
whether they were enriched in OVCAR3-KRAB with XIST KD. 
We found that cells with XIST KD were significantly enriched for 
M-CSC genes signature for both sgXIST7 (NES = 1.42) and sgX-
IST9 (NES = 1.27), validating increased mesenchymal-like cancer 
SC population in ovarian cancer cell with loss of XIST ( Fig. 4D  ).

 Furthermore, we investigated the potential correlation between 
XIST and CD44 expression in human ovarian cancer using a 
single-cell transcriptome database (https://dreamapp.biomed.
au.dk/OvaryCancer_DB/ ) ( 57 ), which includes data from over 
505,102 single cells from 84 ovarian tumor patients. Our analysis 
revealed a significant inverse correlation between XIST and CD44 
expression across various cell types (R = −0.9226, P  = 0.0387). 
Notably, XIST is predominantly expressed in epithelial cancer cells 
(29.08%), endothelial cells (66.09%), and fibroblasts (47.59%), 
while CD44 is less expressed in these cell types (14.26%, 2.10%, 
and 7.36%, respectively) but is highly expressed in immune cells 
(37.09%) compared to XIST (13.36%). This finding suggests that 
XIST expression is associated with more differentiated cell states 
in ovarian cancer and exhibits an anticorrelation with CD44 expres-
sion, a pattern consistent with our in vitro observations ( Fig. 4E  ).  

XIST KD Enhances Cellular Plasticity in Ovarian Cancer Cells 
Under Hypoxia. Tumor hypoxia is a well-known phenomenon 
in which some parts of the tumors have low oxygen supply due 
to poor vascularization. Under hypoxia conditions, it has been 
shown that CSCs are enriched and more resistant to cell death 
than differentiated cells (58–60). In our study, ovarian cancer cells 
with XIST KD exhibited enrichment of CSC under normoxia, 
and we further investigated whether XIST KD would increase 
CSC enrichment under hypoxia. The OVCAR3-KRAB cells were 
placed in a hypoxia chamber with 1% oxygen for 24 h and then 
characterized with a functional assay and transcriptome analysis 
(Fig. 5A).

 Based on the RNA-seq data analysis, hypoxia-related genes were 
enriched in hypoxia compared to normoxia (SI Appendix, 
Fig. S5A﻿ ), confirming the activation of hypoxic pathways. In addi-
tion, we found that XIST was down-regulated under hypoxia 
( Fig. 5B  ). It was not previously known that hypoxia conditions 
could affect XIST expression, so a reduction in XIST levels in 
ovarian cancer cells associated with hypoxia suggests that the cel-
lular environment may impact XIST transcriptional regulation 

http://www.pnas.org/lookup/doi/10.1073/pnas.2418096121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418096121#supplementary-materials
https://dreamapp.biomed.au.dk/OvaryCancer_DB/
https://dreamapp.biomed.au.dk/OvaryCancer_DB/
http://www.pnas.org/lookup/doi/10.1073/pnas.2418096121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418096121#supplementary-materials
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Fig. 3.   Transcriptome analysis of OVCAR3-KRAB with XIST KD reveals changes in metabolism and cell differentiation. (A) Volcano plot showing differential gene 
expression in OVCAR3-KRAB with sgXIST7 (Upper) and sgXIST9 (Bottom). Blue dots represent significantly down-regulated genes, red the significantly up-regulated 
genes (P-value cut off: 0.01, log2 fold change cut off: 1), and larger dots represent X chromosome-linked genes. (B) Venn Diagram of common significantly up-
regulated genes (Upper) and down-regulated genes (Bottom) in OVCAR3-KRAB with XIST KD (common genes between sgXIST7 and sgXIST9). (C) Bubble map of 
pathways enriched in OVCAR3-KRAB in XIST KD after GSEA. Hallmark gene sets from Human MSigDB Collections have been use for the analyses. Only pathways 
with an FDR < 0.25 has been plotted. (D) Bubble map of pathways enriched in patient samples with low XIST expression after GSEA. Hallmark gene sets from 
Human MSigDB Collections have been use for the analyses. Only pathways with an FDR < 0.25 has been plotted. (E) Gene Ontology analysis of down-regulated 
genes in OVCAR3-KRAB with sgXIST7(Left) and sgXIST9 (Right). (F) EB Stemness and Mesoderm index in OVCAR3-KRAB. The statistical analyses were performed 
with a two-tailed t test (* for P < 0.05, ** for P < 0.01, **** for P < 0.0001). Three biological replicates were performed for the RNA sequencing experiment.
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Fig. 4.   XIST KD leads to M-CSC enrichment in ovarian cancer cell line. (A) Flow cytometry analysis of surface markers CD44 and CD24 in OVCAR3-KRAB and 
SKOV3-KRAB after XIST KD in clonal cells. Statistical analysis two-tailed t test. (B) OVCAR3-KRAB clonal cell invasion assay. (C) OVCAR3-KRAB clonal cell migration 
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as well as the percentage of cells with gene expression >0. (A–C) All the experiments have been performed at least three times. (* for P < 0.05, ** for P < 0.01, 
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and that XIST loss may affect cellular responses to hypoxia. In 
OVCAR3-KRAB cells with XIST KD, the expression of XIST 
remained low under hypoxia, as demonstrated by RNA-seq anal-
ysis ( Fig. 5 B  and C  ).

 To determine whether CSCs are enriched in OVCAR3-KRAB 
cells under hypoxia, we examined the mRNA SC-derived embry-
oid body index (EB index: Stemness) ( 37 ) in these cells. As shown 
in  Fig. 5D  , we observed a higher EB stemness index in cell samples 
under hypoxia than in normoxia, confirming the enrichment of 
CSC under hypoxia. Moreover, sgXIST samples showed higher 
EB stemness index values than sgCtl samples under normoxia and 
hypoxia conditions, confirming that XIST KD enhances the pop-
ulation of CSCs in ovarian cancer cells. We also assessed the mes-
oderm progenitor enrichment (Mesoderm index) for the 
developmental germ layer that gives rise to ovaries. As with the 

EB stemness index, the mesoderm index was higher in cells 
exposed to hypoxia than normoxia ( Fig. 5D  ). In both normoxia 
and hypoxia conditions, we observed an increase of the mesoderm 
index in sgXIST samples compared to sgCtl samples, suggesting 
that XIST KD enhances the mesodermal progenitor-like popula-
tion in ovarian cancer cells. The results indicate that XIST KD 
promotes SC and progenitor-like cell populations and may pos-
sibly enhance cancer cellular plasticity coping with stressful con-
ditions such as hypoxia.

 Then, we investigated whether a higher stemness composition 
associated with XIST KD led to a better survival rate in 
OVCAR3-KRAB cells. In normoxia, cell survival rates were not 
significantly different between cells with sgXIST and cells with sgCtl; 
however, under hypoxia, OVCAR3-KRAB cells with sgXIST showed 
significantly higher survival rates ( Fig. 5E  ). Analysis of cell cycle and 

A B C 
24h Hypoxia 

Chamber

24h Normoxia 
Functional 

Assay 

Ovarian Cancer cell 

Ovarian Cancer cell 

0

1

2

3

4

0.0

0.5

1.0

1.5

S
ur

vi
va

l F
ol

d
ch

an
ge

(c
om

pa
re

 to
sg

C
tl)

Normoxia Hypoxia

G1 S G2/M
0

20

40

60

80

100

Cell Cycle

%
of

C
el

ls

sgCtl
sgXIST7
sgXIST9

ns

ns

ns ns

ns

ns

sg
C

tl

sg
X

IS
T

7

sg
X

IS
T

9

0

10

20

30

%
C

el
lD

ea
th

(P
I s

ta
in

in
g)

5.89PE Texas Red94.1

8 609

F

102 103 104 105 106

102 103 104 105 106

102 103 104 105 106

sg
C

tl
sg

X
IS

T
7

sg
X

IS
T

9

PI Staining

0.0

0.5

1.0

1.5

E
B

 in
d
e
x(

S
te

m
n
e
ss

)

sg
C

tl

sg
X

IS
T

7

sg
X

IS
T

9

sg
C

tl

sg
X

IS
T

7

sg
X

IS
T

9

0.0

0.5

1.0

1.5

M
e
so

d
e
rm

in
d
e
x

sg
C

tl

sg
X

IS
T

7

sg
X

IS
T

9

sg
C

tl

sg
X

IS
T

7

sg
X

IS
T

9

D E

G
sg

C
tl

sg
X

IS
T7

sg
X

IS
T9

-2.0

-1.5

-1.0

-0.5

0.0

0.5

X
IS

T 
Lo

g2
Fo

ld
C

ha
ng

e

p-
va

lu
e=

 
0.

00
6

p-
va

lu
e=

 
0.

63

p-
va

lu
e=

 
0.

07

Normoxia NormoxiaHypoxia Hypoxia

sg
C

tl

sg
X

IS
T

7

sg
X

IS
T

9

sg
C

tl

sg
X

IS
T

7

sg
X

IS
T

9

ns 

ns 

Hypoxia

Hypoxia

-15

-10

-5

0

X
IS

T
 L

og
2

F
ol

d
C

ha
ng

e
(c

om
pa

re
to

sg
C

tl-
H

yp
ox

ia
)

sgXIST7

sgXIST9

p-value
<0.001

p-value
<0.001

H
Enrichment plot: HALLMARK APOPTOSIS

-0.25
-0.20
-0.15
-0.10
-0.05
0.00
0.05
0.10
0.15

sgXIST7-H

sgXIST9-H

sgCTL-H

NES=-1.28
FDR=0.05E

nr
ic

hm
en

t S
co

re
 (

E
S

)

NES=-1.48
FDR=0.003-0.25

-0.20
-0.15
-0.10
-0.05
0.00
0.05
0.10
0.15

E
nr

ic
hm

en
t S

co
re

 (
E

S
)

sgCTL-H

DEG Hypoxia vs Normoxia

Cell Death

Cell Death

Cell Death

*

*

*

***

**

****

*
***

*
*

*
**

*

Fig. 5.   Hypoxia treatment of XIST KD in ovarian cancer cells induces higher stemness and hypoxia-cell death resistance. (A) Scheme of the hypoxia experiment 
strategy. (B) Log2 Fold Change of XIST in OVCAR3-KRAB sgCtl-Hypoxia vs. sgCtl-Normoxia, sgXIST7-hypoxia vs. sgXIST7-normoxia, and sgXIST9-hypoxia vs. sgXIST-
normoxia after 24 h in hypoxia chamber compared to sgCtl, sgXIST7, and sgXIST9 samples in normoxia respectively assessed by RNA-seq. (C) XIST expression in 
OVCAR3-KRAB with sgXIST7 and sgXIST9 compared to sgCtl after 24 h in hypoxia chamber. (D) EB-Stemness and Mesoderm index in OVCAR3-KRAB in normoxia 
condition and hypoxia condition. (E) Survival analysis of OVCAR3-KRAB and SKOV3-KRAB cells with sgCtl or sgXIST after hypoxia treatment assessed by crystal 
violet assay. (F) Flow cytometry analysis of cell-cycle phases (PI staining) of OVCAR3-KRAB cells with XIST KD after hypoxia treatment. (G) Flow cytometry analysis 
of cell death by PI staining after hypoxia treatment in OVCAR3-KRAB cells. (H) GSEA of apoptosis pathways in OVCAR3-KRAB cells with sgXIST and sgCtl after 
hypoxia treatment: Upper panel sgXIST7-H (sgXIST7-Hypoxia) vs. sgCtl-H (sgCtl-Hypoxia), Bottom panel sgXIST9-H (sgXIST9-Hypoxia) vs. sgCtl-H (sgCtl-Hypoxia). 
(D–G) The statistical analyses were performed with a two-tailed ANOVA test (* for P < 0.05, ** for P < 0.01, **** for P < 0.0001). All experiments have been 
performed at least 3 times.
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cell death was performed to determine the likely causes of the 
improved survival. As shown in  Fig. 5F  , sgXIST cells were more 
prevalent in the G1 phase, suggesting that OVCAR3-KRAB cells 
with XIST KD remained mostly quiescent under hypoxia. We did 
not observe any change in cell cycle under normoxia conditions 
(SI Appendix, Fig. S5B﻿ ). In contrast, live cell PI (Propidium Iodide) 
staining followed by flow cytometry analysis cells revealed less cell 
death in sgXIST samples than in sgCtl ( Fig. 5G  ) under hypoxia. 
This result is consistent with the RNA-seq data, where GSEA showed 
an overall downregulation of apoptotic genes indicating less cell 
death under hypoxia in OVCAR3-KRAB with XIST KD ( Fig. 5H  ). 
Therefore, XIST KD may protect OVCAR3-KRAB cells from 
hypoxia-induced cell death probably by increasing the CSC 
population.  

XIST KD Is Involved in CSC Equilibrium. Hypoxia impacts CSC 
equilibrium in breast cancer: CSCs can transdifferentiate 
from M-CSC to E-CSC (11, 61). We investigated whether a 
transition from M-CSC to E-CSC occurs in ovarian cancer cells 
under hypoxia. In ovarian cancer, CD24 has been shown to be 
expressed in epithelial CSCs (62, 63). Our RNA sequencing 
data demonstrated an increased expression of CD24 in sgCtl-
hypoxia compared to sgCtl-normoxia for OVCAR3-KRAB 
(Fig. 6A). Interestingly, we also observed an increased expression 
of CD24 in cells with XIST KD after hypoxia treatment, which 
was twofold greater than the expression increase observed in 
sgCtl cells (Fig. 6A). This confirms the enhancement of E-CSC 
under hypoxia treatment. We also examined the expression of 
ALDH1A3, another well-characterized E-CSC marker (11, 48). 
Similar to CD24, ALDH1A3 expression increased in cells with 
XIST KD after hypoxia treatment, even though ALDH1A3 was 
slightly down-regulated in sgCtl OVCAR3-KRAB cells (Fig. 6A 

and Dataset S2). Collectively, these data suggest an increase of 
epithelial-like CSC presence after hypoxia treatment, with a more 
significant increase in cells with XIST KD, suggesting a possible 
transition from M-SCS to E-CSC. We also observed that the 
specific mesenchymal marker NES was down-regulated in hypoxia 
compared to normoxia and to the same extent for sgCtl, sgXIST7, 
and sgXIST9 (SI Appendix, Fig. S6A), confirming the transition 
from M-CSC to E-CSC under hypoxia. Moreover, our GSEA 
revealed an enrichment of the mesenchymal to epithelial transition 
(MET) pathway in sgXIST7 and sgXIST9 after hypoxia treatment 
compared to their normoxia condition counterparts (Fig.  6B). 
These data suggest that XIST KD enhances the transition from  
M-CSC to E-CSC under hypoxia conditions, consistent with 
higher cellular plasticity after XIST KD.

 In addition, we validated our findings using single-cell RNA 
sequencing data from human patients ( 64 ). We analyzed single-cell 
data from ovarian cancer patients, focusing on cells enriched for the 
epithelial cancer cell markers CD24+ and EPCAM+ (SI Appendix, 
Fig. S6B﻿ ). Cells were clustered based on their transcriptomic profiles, 
and the expression levels of XIST and ALDH1A3 were examined 
( Fig. 6C  ). Three clusters showed high levels of XIST expression 
(clusters 1, 2, and 3, with log-normalized counts >100), while three 
other clusters had low XIST expression (clusters 4, 5, and 6, with 
log-normalized counts <100) ( Fig. 6C  ). The expression analysis of 
ALDH1A3 revealed that clusters with low XIST expression had 
higher ALDH1A3 expression compared to those with high XIST 
expression ( Fig. 6D  ). These results indicate that epithelial cancer 
cells with low XIST expression have a higher presence of CSCs, as 
indicated by the elevated levels of the E-CSC marker ALDH1A3. 
Altogether, our data suggest that XIST plays a crucial role in cellular 
plasticity and identity. Downregulation of XIST in ovarian tumors 
is associated with reduced expression of upstream activators JPX and 

A B

C D

Fig. 6.   XIST loss enhances cellular plasticity. (A) Log2 fold change expression of epithelial markers CD24 and ALDH1A3 after 24 h of hypoxia in OVCAR3-KRAB 
with sgCtl, sgXIST7, and sgXIST9 vs. sgCtl, sgXIST7, and sgXIST9 respectively in normoxia condition. (B) GSEA of OVCAR3-KRAB with sgXIST7-H (sgXIST7-Hypoxia) 
and sgXIST9-H (sgXIST9-Hypoxia) vs. sgCtl, sgXIST7, and sgXIST9 in normoxia condition. (C) UMAP of XIST (Left) and ALDH1A3 (Right) for CD24+/EPCAM+ tumor 
cells in ovarian cancer patients. (D) Log2 normalization count of ALDH1A3 expression in clusters with high XIST expression and clusters with low XIST expression. 
The statistical analyses were performed with a t test (* for P < 0.05, ** for P < 0.01, **** for P < 0.0001).

http://www.pnas.org/lookup/doi/10.1073/pnas.2418096121#supplementary-materials
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http://www.pnas.org/lookup/doi/10.1073/pnas.2418096121#supplementary-materials
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FTX. Cancer cells that lose XIST expression become less differen-
tiated and more plastic, allowing them to adapt more easily to their 
environment, which may contribute to cancer progression.   

Discussion

 Cell fates can change based on developmental signaling as pluri-
potent SCs differentiate into a variety of different cell types during 
development. Cellular plasticity is essential in cancer cells. It is 
possible for cancer cells to adapt to various environments, metas-
tasize, and resist treatment as they transition between develop-
mental states. CSCs play a vital role in cancer cell plasticity. They 
are capable of differentiating into various cell types or remaining 
undifferentiated to survive, proliferate, and migrate. Additionally, 
CSCs can undergo transdifferentiation, which involves changing 
from one cell type to another of a different lineage. During the 
EMT, epithelial cells lose their properties and become mesenchy-
mal, migrate, and invade other organs. The mesenchymal-to-
epithelial transition (MET) occurs once the cells invade other 
organs and transition back to an epithelial state, which allows 
them to establish new tumor niches and proliferate ( 65 ). These 
processes are facilitated by CSCs, such as M-CSCs and E-CSCs, 
which maintain cellular plasticity while sustaining tumor growth. 
It is therefore crucial to understand the development and treat-
ment of cancer by identifying molecular factors that affect CSC 
and cellular plasticity. In this study, we revealed the function of 
XIST lncRNA in ovarian cancer cell stemness and plasticity. We 
demonstrated that XIST was down-regulated in ovarian tumors, 
resulting in increased cell stemness composition. In two independ-
ent ovarian cancer cell lines, knocking down XIST led to enrich-
ment of the M-CSC subtype of CSCs. In a hypoxic environment, 
however, XIST KD enhanced the E-CSC subtype of CSCs, thus 
improving survival of these ovarian cancer cells. Our results sug-
gest that XIST plays a critical role in ovarian CSCs and that loss 
of XIST unlocks cell stemness and plasticity in cancer cells. We 
also found that XIST downregulation was associated with lower 
levels of its activators, JPX and FTX, in ovarian tumors. All three 
genes are located in the same TAD (Topologically Associating 
Domain) within the XIC (XIST inactivation center) on the X 
chromosome ( 66 ). The reduced expression could be a transcrip-
tional consequence of TAD modulation. However, further studies 
are needed to determine the regulatory mechanism of XIST 
expression in ovarian cancer.

 Studies of XIST's function in CSC maintenance have been 
conducted in breast cancer ( 12 ,  21 ). XIST’s role in ovarian cancer 
has only been explored in the context of therapeutic resistance 
using transient genetic tools (siRNA, cDNA transfection) ( 28 , 
 67 ). Our study here showed how a stable XIST KD in established 
cell lines affected the outcome of ovarian cancer cells. We observed 
an enrichment of M-CSCs after XIST KD in ovarian cancer cells. 
Low levels of XIST in ovarian tumors indicate more M-CSCs, 
which are more invasive, and are more likely to cause tumors to 
become aggressive and metastatic, leading to a lower survival rate 
for patients with low XIST expression. Furthermore, the E-CSC 
marker ALDH1A3 is down-regulated after XIST KD, suggesting 
a loss of the E-CSC phenotype. However, our data contrast with 
findings in breast cancer cell lines, where doxycycline (DOX)-induced 
XIST KD increases E-CSCs ( 12 ). Our study uses a stably established 
XIST KD cell line, which could explain these differences, indicating 
that the function of XIST may vary between immediate XIST KD 
and established XIST KD. Additionally, the effect appears depend-
ent on the cancer subtype, as luminal breast cancer shows no change 
in mesenchymal-like CSC (M-CSC) proportion ( 11 ). XIST could 
regulate SC-specific pathways through multiple mechanisms. 

Based on our hypothesis, some X-linked genes that function in 
SC-specific pathways could be reactivated after XIST KD. Also, 
XIST can activate or silence genes involved in pluripotency and 
differentiation by inducing epigenetic modifications, such as chro-
matin remodeling and DNA methylation; it remains to be eluci-
dated how this directly affects genes on the X chromosome and 
autosomal genes, which have recently been identified as influenced 
by XIST in both humans and mice ( 68 ,  69 ).

 Our study showed that ovarian cancer cells with XIST KD were 
more plastic and adapted to hypoxic conditions more easily. XIST 
KD cells cultured in a hypoxia chamber resisted hypoxia-induced 
cell death and exhibited upregulation of the E-CSC marker 
ALDH1A3 compared to the same XIST KD cells in normoxia. 
Therefore, XIST plays a critical role in modulating CSC cellular 
states and equilibrium. In particular, we showed that ovarian can-
cer cells with XIST KD were more likely to transdifferentiate into 
mesenchymal or epithelial CSC subtypes depending on their 
environment. The loss of XIST therefore allows cells to transition 
more easily to different cellular states, enabling them to adapt to 
various environments and sustain growth. As a result of hypoxia 
in OVCAR3-KRAB, XIST was down-regulated in sgCtl cells 
without CRISPRi targeting the XIST promoter. The effect of 
XIST on cellular plasticity can be explained by the fact that cells 
down-regulated XIST as a response to hypoxic stress and improved 
their ability to adapt to the change of environment. As cellular 
plasticity allows tumor cells to adapt and transdifferentiate in 
response to various signals and stresses present in a heterogeneous 
environment, the loss of XIST may result in increased tumor 
heterogeneity as cancer cells are more adaptable to diverse cell 
types and characteristics.

 Different hypotheses are emerging to understand cancer cell 
plasticity and tumor heterogeneity; one hypothesis suggests that 
cancer cells undergo developmental processes that result in a 
variety of cellular states ( 4 ,  70 ). Cancer cells can advance to a 
more differentiated state or dedifferentiate into progenitor-like 
cells within the tumor's organ origin lineage. The expression of 
XIST in embryonic SCs is low at the early stages of development, 
but increases as the embryonic cells differentiate into somatic 
cells ( 24 ). To reprogram somatic cells into induced pluripotent 
SCs (iPSCs), loss of XIST is required during the inverse order 
of development and cell fate transitions ( 71 ). It is consistent 
with the developmental role of XIST depletion during repro-
gramming and iPSC process that XIST loss in cancer cells leads 
to an enrichment of CSCs. While XIST downregulation is asso-
ciated with cancer treatment resistance ( 28 ), it remains unclear 
whether XIST downregulation occurs early or late in cancer 
development, or even after cancer treatment. We demonstrate 
that XIST loss unlocks cancer cell stemness and cellular plasticity 
in ovarian cancer. Furthermore, the findings may open up ther-
apeutic avenues for patients with low XIST expression of ovarian 
tumors. The effect of XIST on cellular plasticity may extend 
beyond breast and ovarian cancer to other cancer types. There 
is continuing interest in further defining the role of XIST 
lncRNA in cancer initiation, progression, and therapeutic resist-
ance, especially with the rise of nucleic acid therapeutics such as 
Antisense Oligonucleotide, RNA interference based therapies, 
and more recently, mRNA vaccines ( 72   – 74 ).  

Materials and Methods

Full details on the materials and methods are described in SI Appendix. Cell 
lines were cultured in DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin. XIST KD was performed using CRISPRi technology. Gene expres-
sion analysis was performed by RT-qPCR and RNA sequencing. Side population 
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assay, surface marker analysis, cell cycle analysis, and cell death were assessed by 
flow cytometry. Invasion and migration assays were performed using the Boyden 
chamber technique.

Data, Materials, and Software Availability. RNA-seq data have been depos-
ited at GEO under the accession number GSE271117 (75) and are publicly avail-
able as of the date of publication.
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