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Abstract

The stem cell transcription factor Sox2 is widely recognized for its many roles during normal 

development and cancer. Over the last several years, it has become increasingly evident that Sox2 

dosage plays critical roles in both normal and malignant cells. The work described in this review 

indicates that the dosage of Sox2 influences cell fate decisions made during normal mammalian 

development, as well as cell fate decisions in cancer, including those that influence the tumor cell 

of origin and progression of the cancer. Equally important, Sox2 dosage is a key determinant in the 

proliferation both normal cells and tumor cells, where proliferation is restricted in Sox2high cells. 

Collectively, the studies reviewed here indicate that tumor cells utilize the fundamental effects of 

Sox2 dosage to suit their own needs. Finally, we speculate that elevated expression of Sox2 helps 

establish and maintain tumor dormancy in Sox2-positive cancers.
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Introduction

Interest in the stem cell transcription factor Sox2 has grown significantly over the past 10 

years. Besides its diverse roles during mammalian development, Sox2 plays critical roles in 

both normal adult cells and tumor cells (Sarkar and Hochedlinger, 2013; Weina and Utikal, 

2014). The essential roles of Sox2 first came to light with the discovery that Sox2 null 

embryos perish at the peri-implantation stage of development (Avillion et al., 2003). Shortly 

thereafter, Sox2 was found to be required for the self-renewal and pluripotency of embryonic 

stem (ES) cells (Chew et al., 2005). Interest in Sox2 soared after the paradigm-shifting 

discovery of Yamanaka and co-workers that Sox2 along with Oct4, Klf4, and c-Myc can 

reprogram somatic cells into a pluripotent stem cell state (induced pluripotent stem cells) 

(Takahashi and Yamanaka, 2006). With the recognition that Sox2 is a major player in stem 
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cell biology and the growing interest in cancer stem cells, numerous reports appeared over 

the past 10 years describing the connection between Sox2 and more than twenty different 

types of human cancer (Wuebben and Rizzino, 2017).

Much has been learned about Sox2 since its discovery over 20 years ago. Sox2 belongs to 

the SRY-related gene family, which comprises ~20 members. Each member of this family 

contains a well-conserved high mobility group domain that mediates DNA binding. Sox2 

has several unusual features. The Sox2 gene locus does not contain an intron and its single 

exon is located within a gene desert and present in an intron of a long non-coding RNA, 

Sox2-OT (Sox2-overlapping transcript). Highly relevant to the subject of this review, Sox2 

expression is controlled at multiple levels, which enables its dosage to be tightly controlled. 

Sox2 transcription is regulated by differential utilization of over 20 enhancers, including a 

super-enhancer located ~100 kilobases downstream of the single Sox2 exon. Sox2 

expression is also controlled at the transcriptional and post-transcriptional levels by a large 

array of non-coding RNAs, including Sox2-OT, and over 15 microRNAs. Additionally, Sox2 

stability, subcellular localization, and function are controlled by six different types of post-

translational modifications dispersed across at least a dozen of its 319 amino acids (human 

SOX2 is encoded by 317 amino acids). Readers interested in details regarding the diverse 

regulatory mechanisms that control Sox2 expression and function are directed to an earlier 

review (Wuebben and Rizzino, 2017). In this review we distinguish between reports 

investigating mouse and human Sox2, by referring to Sox2 for mouse studies and SOX2 for 

human studies. Sox2 is used when discussing its general properties.

Although much has been learned about Sox2 over the past 20 years, many basic questions 

remain unanswered. To provide a deeper understanding of Sox2, this review focuses on a 

fundamental property of Sox2; namely, its function in both normal and tumor cells is highly 

dosage dependent. In the first two sections below, we review studies demonstrating that the 

levels of Sox2 affect key cell fate decisions during development, and the decision of fetal 

cells to proliferate or remain quiescent. In the latter two sections, we review studies 

demonstrating parallel effects of Sox2 in tumor cells where its dosage influences both tumor 

cell fate decisions, and the balance between tumor cell quiescence and proliferation. In the 

Conclusion section, we discuss several important questions awaiting answers as we move 

forward in our understanding of how Sox2 controls key properties of both normal and tumor 

cells, including the possibility that elevated expression of Sox2 is a significant factor in 

establishing and maintaining tumor dormancy in Sox2-positive cancers.

Sox2 Dosage Influences Cell Fate Decisions During Development:

Work with mouse embryonic stem (ES) cells provided the first indication that the levels of 

stem cell transcription factors, such as Sox2, need to be very carefully regulated. The self-

renewal and pluripotency of these cells are strictly dependent on several transcription 

factors, including Sox2 and Oct4. In 2000, Niwa et al. reported that either small decreases or 

small increases in Oct4 would induce the differentiation of ES cells (Niwa, Miyazaki, and 

Smith, 2000). Particularly surprising was the finding that increasing Oct4 ~50% above basal 

levels in ES cells induced their differentiation into cells that expressed markers of mesoderm 

and primitive extraembryonic endoderm; whereas, reducing the levels of Oct4 led ES cells to 
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differentiate into cells that express markers of trophectoderm. Subsequently, our laboratory 

demonstrated that increasing the levels of Sox2 in ES cells also changed their fate (Kopp et 

al., 2008). Increasing Sox2 (~2-fold or less) with the aid of an inducible promoter in ES cells 

induced their differentiation into multiple cell types that expressed markers of 

neuroendoderm, mesoderm and trophectoderm. Several years later, the levels of Oct4 and 

Sox2 levels were found to influence the efficiency of reprogramming somatic cells into 

induced pluripotent stem cells (Papapetrou et al., 2009; Yamaguchi et al., 2011; Carey et al., 

2011). In the case of Sox2, elevating its expression reduced reprogramming efficiency while 

increasing the frequency at which partially reprogrammed cells were generated (Yamaguchi 

et al., 2011; Carey et al., 2011).

Proper regulation of Sox2 not only alters the fate of ES cells, it is also required for major 

cell fate decisions during mammalian development. One of the first indications that Sox2 

levels may be critical during development was the finding that ~10% of humans with severe 

eye defects (anophthalmia/absent eye and severe microphathalmia/small eye) have SOX2 

mutations (Fantes et al., 2003; Fitzpatrick et al., 2005; Hagstrom et al., 2005; Ragge et al., 

2005; Zenteno et al., 2005). SOX2 mutations have also been linked to defects in human 

brain development, in particular hippocampal and parahippocampal malformations (Sisodiya 

et al., 2006). Shortly after defects in human eye and brain development were reported, 

Taranova et al. demonstrated a cause-and-effect relationship between aberrantly low Sox2 

expression and defects in eye development (Taranova et al., 2006). These workers observed 

that conditional ablation of Sox2 in distal retinal progenitor cells of the embryo (E13.5) 

resulted in severe defects in the developing eye, reminiscent of microphthalmia. Similarly, 

using two different genetically engineered Sox2 hypomorphic mutant mouse models, they 

demonstrated that reduction of Sox2 below 40% of normal in the developing eye led to 

microphthalmia as a result of defects in progenitor cell differentiation.

Correct Sox2 levels are also critical for other developing organs, including the stomach, 

esophagus and lungs. Sox2 expression was first reported in the developing gut and lung 

epithelium in the chick (Ishii et al., 1998). Later, Que et al. demonstrated that abnormally 

low Sox2 expression alters cell fate decisions in these tissues. In this study, Sox2 was shown 

to be expressed at high levels in regions of the foregut endoderm that give rise to the anterior 

stomach and the esophagus (Que et al., 2007). Although mice with one Sox2 allele disrupted 

appear to develop normally, mice that expressed hypomorphic Sox2 alleles, where Sox2 

expression dropped below 50% of normal, exhibited esophageal atresia and 

tracheoesophageal fistula where the trachea and esophagus do not separate (Que et al., 

2007). In mice that express even lower levels of Sox2 (~20% compared to control mice) the 

esophagus was abnormal and tracheoesophageal fistula did not occur. There were also 

defects in the developing stomach when Sox2 levels were abnormally low. In the developing 

stomach, Sox2 is widely expressed, but is restricted to the anterior stomach before birth. 

Consistent with this pattern of expression, Que et al. observed that all hypomorphic Sox2 

embryos exhibit forestomach abnormalities characteristic of the posterior stomach (Que et 

al., 2007).

Aberrant Sox2 expression also leads to defects in lung development (Gontan et al., 2008). In 

the developing lung, Sox2 is expressed at high levels in the non-branching regions of 
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primary lung bud, but is not detectable in the branching regions. To study the roles of Sox2 

during lung development, Gontan et al. developed a mouse model where Sox2 could be 

elevated in the airway epithelium with the aid of a doxycycline (Dox) inducible transgene 

(Gontan et al., 2008). In this model, Sox2 is overexpressed when Dox binds to the reverse 

tet-trans-activator, which is driven by a promoter (SPC) that is expressed in the epithelial 

cells of the developing lung. Addition of Dox during development resulted in the death of 

mice after birth, because they are unable to oxygenate their blood. This study demonstrated 

that elevating Sox2 prevented branching in the developing airway driving cells into a 

committed progenitor state, which blocked their responses to signals that induce branching. 

Additionally, this study reported that overexpression of Sox2 increased the number of 

neuroendocrine basal cells as well as cells that resemble a gastric/intestinal pattern of 

expression. Collectively, the studies described in this section demonstrate that abnormal 

Sox2 expression, either too little or too much, adversely affects cell fate decisions during 

development (Table 1).

Sox2 Dosage Influences Cell Proliferation During Development

In addition to critical roles in cell fate decisions, Sox2 levels also influence cell proliferation 

in many tissues during development, including cells of the developing central nervous 

system, eye, stomach and lung. Studies from the Pevny laboratory demonstrated that altering 

Sox2 levels influences cell proliferation in the developing central nervous system and in 

postnatal eye (Hutton and Pevny, 2011; Suzenko et al., 2013). The relationship between high 

Sox2 levels and cell quiescence was developed even further by the Muhr laboratory. In 2014, 

Hagey and Muhr reported that slow cycling radial glia cells in the embryonic cortex, which 

exhibit stem-like properties (Hutton and Pevny, 2011), express higher levels of Sox2 than 

their more proliferative progeny (intermediate progenitors cells), which are committed to 

differentiate (Hagey and Muhr, 2014). Similarly, they observed that Sox2high cells in 

subventricular zone of the brain are less likely to incorporate BrdU. Importantly, they 

demonstrated a causative connection between higher levels of Sox2 and cell quiescence by 

overexpressing and knocking down Sox2 in the ventricular zone of the developing embryo. 

Relative to their controls, overexpression of Sox2 substantially reduced incorporation of 

BrdU; whereas, knocking down of Sox2 by shRNA increased the percentage of cells that 

incorporated BrdU.

More recently, Hagey et al. extended the relationship between elevated Sox2 and cell 

quiescence by studying several endoderm-derived organs, specifically the developing 

stomach, lung, esophagus, and spinal cord (Hagey et al., 2018). Although Sox2-positive 

cells in these tissues proliferate, Hagey et al. determined that murine cells in these tissues, 

which express higher levels of Sox2, are less proliferative than other cells in the tissue that 

express lower levels of Sox2. The inverse relationship between Sox2 expression and BrdU 

incorporation is particularly striking in the developing stomach and spinal cord (see Figure 

1B and Figure 4A, respectively, in their study). Moreover, they reported that expression of a 

dominant-negative form of Sox2 in the developing mouse stomach endoderm and in the 

developing spinal cord of the chick increased in BrdU incorporation. Conversely, 

overexpression of Sox2 decreased BrdU incorporation in the developing mouse stomach 

endoderm and in the developing spinal cord of the chick. Thus, Sox2 levels help determine 
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the proliferative status of cells in at least four developing tissues. Interestingly, the study by 

Hagey et al. also noted that in both neural and endoderm cells, genes bound by Sox2 were 

enriched for gene ontology terms related to stem cell proliferation. This raises the possibility 

that high Sox2 levels limit cell proliferation by similar mechanisms in multiple developing 

cell types.

Although the mechanisms by which Sox2 inhibits proliferation are poorly understood, some 

progress on this front has been made. Hagey and Muhr demonstrated that Sox2 binds to the 

Ccnd1 promoter (cyclin D1 promoter) in mouse cortical neural progenitor cells (Hagey and 

Muhr, 2014). In addition, they showed that expression of a Ccnd1 promoter/reporter gene 

construct decreased ~3-fold when Sox2 was overexpressed in chick neural progenitor cells. 

Further analysis determined that elevating Sox2 allows it bind to bind to low affinity SOX2 
sites (degenerate Sox2 motifs) upstream of the Ccnd1 promoter. This is also the case for low 

affinity sites in other genes downregulated by Sox2. Further, Hagey and Muhr reported that 

several of the genes downregulated by Sox2, including Ccnd1, contain gene sequences 

consisting of a Sox2 motif and a Tcf/Lef motif separated by 4- to 10 base pairs (Hagey and 

Muhr, 2014). They demonstrated the significance of these adjacent motifs with the finding 

that the physical association of Lef1 with the corepressor Tle1 (Gro/Tle corepressor family) 

in HEK293 cells increased when Sox2 was ectopically expressed. Additionally, the 

expression of Ccnd1 promoter-luciferase gene construct in chick neural progenitor cells was 

decreased more strongly when Sox2 and Tle1 were expressed together with the promoter/

reporter gene construct than when Sox2 or Tle1 were expressed individually.

Other studies by Lui et al. provided additional insights into the mechanisms by which high 

levels of Sox2 limit cell proliferation (Liu et al., 2013). Sox2 is expressed at very high levels 

in quiescent support cells of the mammalian auditory sensory epithelium, which also express 

the cyclin-dependent kinase inhibitor p27kip1. Using an inducible CreER/lox system, Sox2 

was ablated in the support cells at three different postnatal stages. Ablation of Sox2 in a 

subset of support cells (inner pillar cells) led to a reduction of p27kip1 and increased cell 

proliferation. Using a different inducible CreER/lox system, p27kip1 was ablated in support 

cells. Similar to ablation of Sox2, ablation of p27kip1 promoted proliferation in a sub-

population of support cells, but Sox2 did not decrease. Collectively, these studies support an 

epistatic relationship between Sox2, p27kip1, and quiescence: p27kip1 is upregulated by Sox2 

and elevation of p27kip1 inhibits proliferation of support cells. Consistent with these 

findings, Lui. et al. used chromatin immunoprecipitation (ChIP) studies to show that Sox2 

binds to the p27kip1 gene locus. These workers also demonstrated that Sox2 upregulated a 

p27kip1 promoter-luciferase gene construct in Hela cells and mouse embryonic fibroblasts.

Sox2 Dosage and Tumor Cell Fate Decisions

Sox2 dosage not only plays major roles in cell fate decisions during development, it also 

influences tumor cell fate decisions. This connection between Sox2 levels and tumor cell 

fate is supported strongly by the findings of Xu et al. who investigated mutant K-Ras-

induced lung cancer (Xu et al., 2014). These workers demonstrated that Sox2 expression 

determines the cell of origin and the histopathology of lung tumors formed when mutant K-

Ras (K-Ras G12D) is expressed conditionally in lung cells. In this study, mutant K-Ras was 
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induced by treatment with tamoxifen in CC10-CreER/K-Ras mice. When mutant K-Ras was 

induced in CC10+ alveolar cells, it preferentially led to the formation of adenomas and 

adenocarcinomas in a subset of alveoli cells. In contrast, even though mutant K-Ras was 

expressed in bronchiolar cells, these cells did not undergo transformation and papillary 

adenocarcinomas did not form.

In the course of examining the mechanisms by which mutant K-Ras induced lung tumors, 

Xu et al. determined that mutant K-Ras upregulated Notch signaling in alveolar cells, which, 

in turn, repressed Sox2 (Xu et al., 2014). Surprisingly, by blocking the activation of Notch 

signaling, with a dominant negative form of the mastermind-like protein (DNMaml1), in the 

context of induced mutant K-Ras (CC10-CreER/K-Ras/DNMaml1 mice), adenomas and 

clusters of hyperplastic cells formed, but adenocarcinomas did not. Moreover, in contrast to 

CC10-CreER/K-RasG12D mice, the lesions that formed in the CC10-CreER/K-Ras/

DNMaml1 mice expressed Sox2 and markers of squamous carcinoma of the lung, which is 

consistent with the known expression of SOX2 in human squamous cell lung cancers (Xu et 

al., 2014). To directly test the effects of Sox2 on the formation of alveolar adenocarcinomas, 

Xu et al. conditionally overexpressed Sox2 along with mutant K-Ras. In these mice, 

inducible overexpression of Sox2 suppressed formation of alveolar adenocarcinomas. 

Together, these studies indicate that expression of mutant K-Ras, through the activation of 

Notch signaling and the suppression of Sox2 expression, leads to alveolar adenocarcinomas. 

Equally interesting, adenocarcinomas with squamous cell features form in alveoli when 

CC10-CreER/LSL-Sox2 mice are treated with tamoxifen and SOX2 is overexpressed on its 

own without mutant K-Ras.

The study by Xu et al. also determined why expression of mutant K-Ras in bronchiolar cells 

did not lead to transformation (Xu et al., 2014). Sox2 expression is not detectable in the 

distal alveolar region of the lung, but it is expressed in normal airway epithelium, 

specifically the proximal trachea, bronchi and bronchioles (Tompkins et al., 2009). This 

raised the possibility that expression of Sox2 in bronchiole cells blocked the ability of 

mutant K-Ras to transform bronchiole cells and induce papillary tumors. This possibility 

was tested by examining tumors formed in CC10-CreER/K-Ras/Sox2flox/+ mice where 

tamioxifen induces mutant K-Ras and Sox2 expression is reduced by half. In contrast to 

CC10-CreER/K-Ras mice, CC10-CreER/K-Ras/Sox2flox/+ mice developed papillary 

adenocarcinomas (Xu et al., 2014). Collectively, the studies of Xu et al. made two important 

points. First, Sox2 levels alter the tumor cell of origin. Specifically, reduction of Sox2 in the 

context of mutant K-Ras leads to the formation of papillary adenocarcinoma, which are not 

seen when mutant K-Ras is expressed on its own. Second, overexpression of Sox2 in the 

context of mutant K-Ras alters the histopathology of alveoli lesions. Sox2 overexpression 

along with mutant K-Ras generated lesions with squamous characteristics.

SOX2 has also been implicated in a major tumor cell fate decision during the progression of 

prostate cancer, namely the transition of castration resistant prostate cancer to the highly 

deadly form of prostate cancer with neuroendocrine histopathology. Several studies have 

linked SOX2 expression to this highly aggressive form of prostate cancer (Yu et al., 2014; 

Russo et al., 2016; Mu et al., 2017; Ku et al., 2017). In 2017, studies by Mu et al. and Ku et 

al. provided a causative link between SOX2 expression and the progression to prostate 
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cancer with neuroendocrine histopathology (Mu et al., 2017; Ku et al., 2017). These studies 

focused on the combined loss of TP53 and RB1 during progression of prostate cancer, which 

increases from ~5% in primary prostate cancer, to ~40% in castration resistant prostate 

cancer, to ~75% in castration resistant prostate cancer with neuroendocrine-like 

histopathology (Mu et al., 2017). The study by Mu et al. provided the clearest causative link 

between SOX2 and neuroendocrine prostate cancer (Mu et al., 2017). In this study, TP53 

and RB1 were knocked down together in the androgen-dependent prostate cancer cell line 

LNCaP. The combined knockdown of TP53 and RB1 had three prominent effects: 1) 

upregulation of neuroendocrine markers, such as synaptophysin; 2) upregulation of SOX2; 

and 3) resistance of LNCaP tumor growth to the antiandrogen enzalutamide. Remarkably, 

when SOX2 upregulation was blocked by the expression of SOX2 shRNA in the context of 

knockdown of TP53 and RB1, the upregulation of neuroendocrine markers was reversed and 

tumor growth of the genetically modified LNCaP cells was again inhibited by enzalutamide 

(Mu et al., 2017). This study not only provided a link between SOX2 and prostate tumor cell 

fate, it is also linked SOX2 to prostate cancer resistance to antiandrogens.

Sox2 Dosage and Tumor Cell Quiescence

Over the past four years, several studies have directly linked tumor cell quiescence to high 

levels of Sox2. One of the first in vivo studies to link elevated Sox2 levels and tumor cell 

quiescence was reported by Vanner et al. (Vanner et al., 2014) This study used a mouse 

model of sonic hedgehog medulloblastoma where one allele of the Ptch1 gene was deleted. 

Subjecting these mice to 3 Gy radiation led to ~80% of the mice forming medulloblastomas 

that possessed a small population of label-retaining cells (<5%) that express Sox2. This rare, 

infrequently-cycling Sox2-positive population was shown to be responsible for propagating 

the tumor and they were the first cells to proliferate and repopulate the tumor after the tumor 

bearing mice had been treated with either Ara C (cytarabine) or vismodegib (a hedgehog 

inhibitor), which targeted the proliferating cells of the tumor. As such, the Sox2-positive 

population represents the cancer stem cell population of the tumor that serves as a reserve 

cancer stem cell population and which contributes to drug resistance.

The study by Vanner et al. linked Sox2 to the slow cycling cancer stem cell population of the 

tumor, but did not demonstrate a direct cause-and-effect relationship between Sox2 and 

tumor cell quiescence (Vanner et al., 2014). Malladi et al. provided a more direct link 

between SOX2 and tumor cell quiescence (Malladi et al., 2016). These investigators 

examined the properties of cells that they referred to as latency competent cancer (LCC) 

cells. These cells were isolated from early stage human lung and breast tumor cell lines that 

had been engrafted by intracardial injection. The engrafted cells dispersed to different organs 

of the host where they remained primarily as single cells or small cell clusters for several 

months. Although these disseminated cells exhibit little or no growth, they retained tumor-

initiating potential. When isolated from different tissues and transplanted orthotopically, 

they formed actively growing tumors, similar to the parental cell line from which they were 

isolated. In fact, in a limiting tumor cell dilution assay, these LCC cells exhibited a 4- to 15-

fold increase in the frequency of tumor-initiating cells.
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Characterization of the lung LCC cells by gene set enrichment analysis demonstrated that 

they exhibited a stem-like alveolar type I and bipotent progenitor cell signature when 

compared to their parental tumor cell line. They also expressed higher levels of SOX2 than 

their parental population. Germane to this review, knockdown of SOX2 in lung LCC cells by 

shRNA led to a decrease in DKK1 (a Wnt signaling antagonist and direct transcriptional 

target of Sox2) and an increase in cell proliferation under low-mitogen conditions, where 

these cells exhibit limited growth (Malladi et al., 2016).

A direct link between elevated levels of SOX2 and inhibition of tumor cell growth has also 

been described in studies reported by our laboratory. In our studies, we overexpressed SOX2 

with the aid of a Dox inducible promoter in nine SOX2-positive human tumor cell lines 

representing glioblastoma and medulloblastoma, as well as cancers of the breast, prostate 

and pancreas (Cox et al., 2012; Wuebben et al., 2016). For each tumor cell line, elevating 

SOX2 led to a dose-dependent decrease in cell proliferation in culture. Notably, this is not 

just a short-term inhibition of cell proliferation. Cells maintained for over two months under 

conditions of elevated SOX2 continued to be growth inhibited (Cox et al., 2012). 

Importantly, the growth inhibitory effects of elevated SOX2 were observed in tumor cell 

lines that express high, moderate or low levels of SOX2. Collectively, our studies indicate 

that SOX2 levels in each tumor cell line are set to the level that is optimal for their growth 

(Figure 1).

Elevated SOX2 not only inhibits growth in culture, it also inhibits tumor growth in vivo. In 

the case of pancreatic tumor cell lines, we have demonstrated that once tumors have formed, 

elevating SOX2 in vivo with the aid of an inducible promoter halted tumor growth 

(Wuebben et al., 2016). Relative to their control counterparts, SOX2 elevated tumors 

exhibited a drastic reduction in Ki-67 staining and a small decrease in cleaved caspase 3 

staining. Thus, when SOX2 was elevated in vivo, tumor growth was arrested without an 

apparent increase in cell death. Equally important, we demonstrated that knocking down 

SOX2 in pancreatic tumor cells in vivo with an inducible shRNA directed against SOX2 also 

reduced tumor growth (Wuebben et al., 2016). Collectively, the knockdown and 

overexpression studies indicate that SOX2 levels are optimized to maximize tumor growth. 

Too much or too little Sox2 decreases tumor growth.

The finding that elevating SOX2 can inhibit tumor growth raises an important question, 

namely, if elevated SOX2 inhibits tumor cell growth does this mean that SOX2 levels cannot 

rise during tumor progression without blocking further tumor growth? In fact, the evidence 

in several cancers indicates that SOX2 levels do rise during cancer progression. In the case 

of prostate cancer, discussed earlier in this review, SOX2 expression rises as a patient’s 

tumor progresses from an androgen-dependent stage to an androgen-independent tumor 

(castration resistant prostate cancer) and rises dramatically as the prostate progresses to a 

deadly form characterized by cells with neuroendocrine histopathology. For this cancer, the 

work of Mu et al. and Ku et al. demonstrated that the combined loss of TP53 and RB1 

provides at least part of the answer why SOX2 levels can rise during prostate cancer 

progression (Mu et al., 2017; Ku et al., 2017). Knocking down TP53 and RB1 results in cells 

that can actively proliferate even though Sox2 levels rose significantly. Thus, Sox2 levels 
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can rise in cancer when there are other changes in the cancer that are able to counterbalance 

the growth inhibitory properties of Sox2.

The finding that elevating SOX2 with the aid of an inducible promoter reduces tumor cell 

growth contrasts with findings reported by others where SOX2 was stably overexpressed in 

tumor cells and growth was increased (Jia et al., 2011; Li et al., 2013; Nakatsugawa et al., 

2011; Herreros-Villanueva et al., 2013). This apparent contradiction has been addressed 

previously (Wuebben and Rizzino, 2017) and is only briefly addressed here. When tumor 

cells were engineered for inducible expression of SOX2, the engineered population being 

generated was allowed to expand in the absence of elevated SOX2 during the drug selection 

period (Cox et al., 2012; Wuebben et al., 2016). Only after the cells had been engineered 

was SOX2 elevated and cell proliferation assessed. In contrast, when tumor cells are 

engineered to stably overexpress SOX2, they are exposed continually to elevated SOX2 

during the drug selection period. Any cells that are growth inhibited by stable 

overexpression of SOX2 will be lost during the drug selection process.

Conclusions:

The goal of this review was to focus attention on the critical roles that Sox2 dosage plays in 

both normal and malignant cells. Work described in this review indicates that the dosage of 

Sox2 plays prominent roles in cell fate decisions made during development, as well as cell 

fate decisions in cancer. The latter include cell fate decisions that influence the tumor cell of 

origin as well as progression of the cancer. We also described work showing how elevated 

levels of Sox2 limit the growth of both normal cells and tumor cells. These findings indicate 

that tumor cells have usurped a fundamental property of Sox2 to suit their own needs.

Complete ablation of Sox2 and conditional knockout of Sox2 demonstrated the need for 

Sox2 during both embryogenesis as well as later stages of mammalian development. 

Knockdown studies in a wide range of tumor cell types also established the need for SOX2 

in tumor growth. Similarly, studies reporting enhanced growth of tumor cells when SOX2 

was stably overexpressed have also been used to argue for the importance of SOX2 in 

different types of tumor cells. While we agree that SOX2 plays essential roles in over 20 

different types of human cancers, we urge caution in concluding that elevating SOX2 on its 

own, without making other changes in the tumor cells, leads to a general increase in tumor 

cell proliferation. As discussed in the previous section, elevating SOX2 with the aid of an 

inducible promoter in nine different tumor cell lines leads to growth inhibition in each case. 

This includes several tumor cell lines where stably overexpressing SOX2 was reported to 

increase growth. Additionally, we have verified this in at least 10 other tumor cell lines 

(Metz, Wilder and Rizzino, unpublished data). Thus, we argue that for the vast majority of 

cells in a tumor cell population, elevating SOX2 leads to growth inhibition not growth 

stimulation. This not is only borne-out by our studies, but also supported by the tumor 

studies reported by Vanner et al. and Malladi et al. (Vanner et al., 2014; Malladi et al., 2016). 

Collectively, multiple lines of evidence support the conclusion that once Sox2 is expressed at 

levels above that needed to promote tumor growth, further increases in Sox2 promote growth 

inhibition.
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Our understanding of Sox2 has grown significantly over the past twenty years, yet there are 

still fundamental questions surrounding how Sox2 alters the behavior of both normal and 

tumor cells. One of the most pressing questions is how high levels of Sox2 lead to growth 

inhibition. Answering this fundamental question will not only provide significant insights 

into the function of Sox2 during development, it will also provide insights into the molecular 

mechanisms by which Sox2 regulates tumor cell growth. Understanding how Sox2 regulates 

tumor growth could prove helpful in improving the treatment of patients with Sox2-positive 

cancers that respond poorly to current therapies, which include advanced glioblastoma, 

prostate cancer, triple negative breast cancer, and recurrent sonic hedgehog driven 

medulloblastoma.

As discussed earlier in this review, some progress has been made in understanding how 

elevating Sox2 in normal cells influences cell cycle machinery, including the inhibition of 

cyclin D1 expression and the upregulation of the cyclin-dependent kinase inhibitor p27kip1 

(Hagey and Muhr, 2014; Liu et al., 2013). While this is a start, more in-depth studies are 

needed to determine how Sox2 levels influence cell proliferation. Moreover, it will be 

important to determine whether elevating Sox2 in normal cells and tumor cells limits cell 

proliferation by a well-conserved mechanism(s) or whether the molecular mechanisms used 

to inhibit growth when Sox2 is elevated vary considerably and are context-dependent. Given 

that elevating SOX2 in many different tumor cell lines representing at least five different 

cancers leads to growth inhibition, we suggest that a well-conserved mechanism is primarily 

responsible for inhibiting cell growth when Sox2 levels are elevated.

Finally, it is important to consider how sustained elevation of Sox2 could impact the 

behavior of both normal and tumor cells over the longer-term. Based on the work discussed 

in this review, we speculate that the effects of high Sox2 levels may not simply promote 

short-term growth inhibition of normal and tumor cells. The findings of Malladi et al. 

discussed earlier demonstrate that SOX2-positive lung tumor cells can remain largely 

dormant for months, and there is every reason to believe that this is not the upper limit 

(Malladi et al., 2016). Moreover, this is unlikely to be an isolated case. Thus, we proffer the 

hypothesis that high SOX2 levels play a significant factor in establishing and maintaining 

prolonged growth arrest of the cancer stem cell population of SOX2-positive cancers. 

Intriguingly, this may also be true for other Sox family members. The studies conducted by 

Malladi et al. determined that dormant breast cancer tumor cells were enriched for the 

expression of the SRY-related gene SOX9 and that depletion of this gene decreased the 

number of dormant tumor cells present in the brain of athymic mice (Malladi et al., 2016). 

Additionally, other groups have shown that elevating Sox9 in four melanoma tumor cell 

lines and in a rat non-transformed chondrocyte cell line inhibits proliferation (Passeron et 

al., 2009; Panda et al., 2001). Further support for the roles of Sox2 and Sox9 in tumor 

dormancy come from the work of Aguirre-Ghiso and co-workers. These researchers reported 

that NR2F1, a dormancy associated transcription factor elevated in several cancers (Sosa et 

al. 2014; Borgen et al. 2018), drives the expression of SOX9 and SOX2 in dormant tumor 

cells (Sosa et al., 2014). Collectively, these findings suggest that regulation of cell 

proliferation during both development and cancer progression may extend to other Sox 

genes. If this is the case, understanding mechanistically how Sox2 and other Sox9 promote 

tumor cell quiescence could provide strategies for addressing a major unmet need in the 
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treatment of cancer, namely eradicating dormant tumor cells. Dormant tumor cells pose a 

major challenge clinically. These cells are responsible for tumor recurrence in patients 

whose primary tumor was removed years earlier (Demicheli et al., 1996; Morgan et al., 

2009; Ghajar, 2015; Linde, Fluegen, and Aguirre-Ghiso, 2016). Additionally, dormant tumor 

cells are largely resistant to current therapies, such as DNA damaging agents and radiation, 

that eradicate actively proliferating tumor cells. In the future, learning more about the 

function of SOX2 in both normal and tumor cells could help pave the way for meeting the 

significant challenge posed by dormant tumor cells.
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Figure 1. 
Sox2 Levels and Tumor Growth. Sox2 levels in tumor cells are optimized to maximize 

tumor growth. Optimal Sox2 expression is dependent on the genetic context of the tumor.
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Table 1.

Effects of Sox2 Dosage on Cell Fate Decisions

Tissue Sox2 Levels Outcome Reference

Embryonic Stem Cells Decreased Differentiation Chew et al., 2005

Embryonic Stem Cells Increased Differentiation Kopp et al., 2008

Somatic Cells Increased Reprogramming to induced pluripotent stem 
cells

Takahashi and Yamanaka, 2006; Papapetrou et al., 
2009; Yamaguchi et al., 2011; Carey et al., 2011

Eye Decreased Microphthalmia Fantes et al., 2003; Fitzpatrick et al., 2005; 
Hagstrom et al., 2005; Ragge et al., 2005; Zenteno 

et al., 2005

Esophagus Decreased Esophageal atresia, tracheoesophageal fistula Que et al., 2007

Forestomach Decreased Develop characteristics of posterior stomach Que et al., 2007

Airway Epithelium Increased Commitment to progenitor state, decreased 
branching, increased neuroendocrine basal 
cells

Gontan et al., 2008

Lung Tumorigenesis Increased Squamous lung cancers originating from 
bronchiolar cells

Xu et al., 2013

Lung Tumorigenesis Decreased Adenocarcinomas originating from alveolar 
cells

Xu et al., 2013

Prostate Cancer Increased Castration resistance and increased expression 
of neuroendocrine markers

Mu et al., 2017
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