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Abstract

Sexual dimorphism is exhibited remarkably in the female predominance of autoimmune diseases 

(e.g. systemic lupus erythematosus, female-to-male ratio 9:1). To understand the female bias in 

autoimmunity, we focused on VGLL3 (Vestigial-like-family-member 3), a female-increased 

molecule known to promote autoimmunity. We report that VGLL3 mediates cellular stress 

response by upregulating p53 and IL-17C. Energy stress allows VGLL3 to be induced by IFNα, 

which ultimately leads to p53-dependent, lupus-associated, inflammatory cell death. Our results 

suggest that female-biased expression of VGLL3 helps cells adapt to metabolic stress, which 

intriguingly is known as a significant challenge during the evolution of placental mammals for the 

need to feed a developing embryo. It uncovers the importance of maintaining metabolic 

homeostasis in the prevention of autoimmunity.
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Introduction

Evolution from a common single-celled ancestor into species capable of sexual reproduction 

is thought to offer genetic diversity and fitness advantages in offspring1. Accordingly, the 

two sexes, females and males, are defined by differences in the reproductive system2. 

Beyond sexual organs, females and males also exhibit substantial differences in 

characteristics such as size and weight, a condition termed sexual dimorphism. Not 

surprisingly, sexual dimorphism is manifested on the molecular level, now supported by an 

unprecedented progress in the identification of molecules that are expressed differentially 

between the two sexes3–5. While the biological significance of sexual dimorphism remains 

unclear, it is tempting to hypothesize that the sex-biased expression of certain molecules 

confers evolutionary advantage such that it is selected during evolution.
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Paradoxically, however, sexual dimorphism in humans is remarkably manifested in diseases. 

Many autoimmune diseases feature strikingly increased prevalence in females (e.g. systemic 

lupus erythematosus [SLE], female-to-male ratio 9:1; systemic sclerosis, female-to-male 

ratio 11:1; Sjögren’s syndrome, female-to-male ratio 14:1). In contrast, infectious diseases 

affect more men than women at a ratio of ~2:16–8. Why evolutionary advantage, if any, of 

sex-biased gene expression associates with obvious disadvantage such as disease is arguably 

one of the biggest mysteries in biology.

To gain insight into sexually dimorphic diseases, specifically female-biased autoimmunity, 

our previous study examined gene expression differences between female and male skin9. 

Given the feasibility of obtaining healthy human skin tissues, skin as a model system offers 

the unique opportunity to study primary human cells in a sex-stratified manner. In addition, 

skin is a sensitive indicator of immune function and skin changes are prominently 

manifested in autoimmune diseases including SLE10,11. Transcriptomic profiling on sex-

stratified, normal human skin revealed a female-biased molecular signature associated with 

susceptibility to autoimmune diseases. Further, a putative transcription factor, VGLL3 

(Vestigial Like Family Member 3), was identified as a female-increased molecule upstream 

of this autoimmunity-associated gene network9. VGLL3 expression level increased in 

autoimmune diseases including cutaneous lupus, and keratinocyte-specific overexpression of 

VGLL3 in mice drove lupus-like autoimmunity both in skin and on a systemic level9,12. 

Collectively, these studies demonstrated the role of VGLL3 in promoting female-biased 

autoimmunity.

While the above studies uncovered yet another sex-biased molecule, fundamental questions 

about sexual dimorphism remain unanswered. Why do women express at higher levels of 

VGLL3, a pro-autoimmune factor? Does female-biased expression of VGLL3 confer any 

evolutionary advantage? What is the critical trigger that further upregulates VGLL3 in high-

risk populations (i.e. women), leading to autoimmune diseases?

Darwin theorized that naturally selected traits favor reproduction13. When placental 

mammals evolved, the need to feed a developing embryo posed significant challenge to 

metabolic pathways14. We hypothesize that increased levels of VGLL3 in females help cells 

adapt to this metabolic challenge. In support of this hypothesis, here we report that VGLL3 

is induced by nutritional stress in female but not male human keratinocytes. In female but 

not male keratinocytes, under growth factor restriction, VGLL3 reprograms the immune 

profile of keratinocytes, supporting expression of IL-17C to maintain basal defense and 

limiting expression of IL-1 to prevent systemic inflammation and restrict energy 

expenditure. In female keratinocytes, energy stress removes c-Fos from VGLL3 chromatin, 

allowing acetylation of H3K27 and transcriptional induction of VGLL3 upon stimulation by 

IFNα, a key promoter of autoimmune diseases including SLE15,16. In contrast, in male 

keratinocytes, VGLL3 promoter is coated with H3K27me3 under both nutrient replete and 

deficient conditions, which possibly underlies the lack of response of VGLL3 to starvation 

and IFNα stimulation. Overexpression of VGLL3 in female keratinocytes results in 

regulated, inflammatory cell death in a manner associated with cutaneous lupus. 

Collectively, we provide evidence that female-biased expression of VGLL3 helps non-

placental tissue adapt to energy stress, which offers an evolutionary rationale for sexual 
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dimorphism in immune regulation. We also identify nutritional deficiency as a trigger that 

can turn this evolutionary strength into weakness by causing autoimmune pathogenesis. This 

finding reveals the importance of maintaining metabolic homeostasis in prevention of 

autoimmunity.

Results

VGLL3 is induced under nutritional stress and reprograms immune profile of keratinocytes

To test the potential role of VGLL3 in cellular stress response, we first examined whether 

VGLL3 itself is inducible by nutritional deficiency in primary human keratinocytes. Indeed, 

removal of growth factors from keratinocyte culture media resulted in upregulation of 

VGLL3 mRNA and protein in female keratinocytes (Figure 1a, g). VGLL3 signal was 

reduced upon transfection of keratinocytes with siRNA against VGLL3, but not control, 

scrambled siRNA, demonstrating the specificity of VGLL3 detection (Figure 1a, g). In 

addition to nutritional stress, we tested for VGLL3 induction under oxidative stress 

(stimulated by H2O2
17), ER stress (stimulated by DTT18), and hypoxia (stimulated by 

CoCl219). We observed VGLL3 upregulation by high levels of DTT but not by other 

treatment (Supplemental Figure 1a), suggesting that VGLL3 is involved in a specific subset 

of cellular stress responses.

The dynamic regulation of VGLL3 by nutritional stress raises the possibility that VGLL3 

functions to help cells adapt to metabolic challenge. Because skin is the first line of defense 

against infections, we investigated into the potential function of VGLL3 in regulating 

immune responses in keratinocytes. We focused on two major immune response pathways in 

keratinocytes, IL-17 and IL-1. The IL-17 family of cytokines plays a critical role in 

mediating tissue response to injury and infection, with its prototypical member IL-17A 

being an important driver of autoimmune diseases20–22. IL-17A is mainly produced by Th17 

cells. Upon binding to its receptors IL-17RA and IL17-RC in target cells such as 

keratinocytes, IL-17A activates transcriptional complexes including AP-1 and NF-κB, 

resulting in strong inflammatory responses20,23,24. In contrast, IL-17C is produced by 

epithelial cells and functions in a unique, autocrine manner by binding to IL-17RA and 

IL-17RE. Compared to IL-17A, IL-17C acts on target cells at a much lower potency. Both 

cytokines activate a similar set of response genes, leading to the model that IL-17C provides 

local, epithelial defense mechanisms without invoking long-range, pro-inflammatory 

cascades involving leukocytes, as triggered by IL-17A25,26. In analyzing the response of 

IL-17 pathway to energy stress in female keratinocytes, we observed that IL-17C and its 

unique receptor IL17-RE were induced by nutritional stress in a VGLL3-dependent manner 

(Figure 1b, e). As expected, keratinocytes did not produce IL-17A (data not shown). While 

IL17-RA, the receptor shared by IL-17A and IL-17C, was upregulated by starvation, the 

increase was not dependent on VGLL3 (Figure 1b). One major output of IL-17C signaling in 

epithelial cells is upregulation of defensin, a group of anti-microbial peptides25,26. 

Consistent with its role in supporting IL-17C-mediated basal defense under energy stress, 

VGLL3 was required to support the expression DEFB3 under starvation (Figure 1c). Of 

note, among the four primary β-defensins (DEFB1 to DEFB4), DEFB3 was the major one 

induced by nutritional stress, with DEFB1 weakly inducible and marginally dependent on 
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VGLL3 and DEFB2 and DEFB4 undetectable under all conditions (Figure 1c; data not 

shown). Therefore, VGLL3 plays a major role in mediating stress-induced anti-microbial 

basal defense in keratinocytes. The transcription factor complexes tested, AP-1 and NF-κB, 

showed limited dependence on VGLL3 (Figure 1d), which is not surprising given that these 

factors are shared by multiple signaling pathways. Collectively, these lines of evidence 

demonstrate a specific role of VGLL3 in supporting IL-17C signaling during keratinocyte 

stress response.

In contrast to a local and restricted defense mechanism mediated by IL-17C, the IL-1 family 

members are linked to systemic, damaging inflammation, possibly related to their function 

in acting as damage-associated molecular patterns and increasing nonspecific resistance to 

infections27–29. We found that in female keratinocytes, VGLL3 inhibition resulted in 

increase of IL1A and IL1B expression in keratinocytes (Figure 1e), suggesting VGLL3 

functions to limit global inflammation.

In contrast, in male keratinocytes, VGLL3 was not induced by nutritional stress 

(Supplemental Figure 1b). Consistently, male keratinocytes did not show substantial, 

VGLL3-mediated upregulation of IL-17C, IL17-RE, IL1A, IL1B, and DEFB1 in response to 

nutritional stress (Supplemental Figure 1b, c). While DEFB3 was induced in male 

keratinocytes by starvation, the level of induction was less compared to female keratinocytes 

and the induction was not dependent on VGLL3 (Supplemental Figure 1c, Figure 1c). This 

suggests that an alternative stress response pathway exists in male keratinocytes in DEFB3 
regulation.

In summary, our results demonstrate that under nutritional stress, VGLL3 remodels the 

immune profile of female but not male keratinocytes to support IL-17C-mediated local 

defense and limit IL-1-mediated systemic inflammation (Figure 1f). As the latter process is 

energetically costly30–32, VGLL3 coordinates reduction in energy demand of immune 

responses during metabolic stress.

VGLL3 supports keratinocyte adaptation to nutritional deprivation via p53

Beyond immune responses, we examined whether VGLL3 played a broad role in helping 

keratinocytes adapt to energy stress. p53 is known to be a central player that integrates 

cellular stress response, enabling effective adaptation and survival33–37. In female primary 

keratinocytes, p53 was upregulated by starvation in a VGLL3-dependent manner (Figure 

1g). Consistently, the level of p53-inducible protein TP53INP1 was dependent on VGLL3 

under starvation (Figure 1g). While keratinocyte proliferation under standard culture 

conditions was not dependent on VGLL3, siRNA-mediated knockdown of VGLL3 under 

prolonged starvation resulted in cell death, which could be partially rescued by Nutlin-3, an 

MDM2 antagonist activating the p53 pathway (Supplemental Figure 1d, e). In contrast, there 

was no substantial VGLL3-dependent induction of p53 under nutritional stress 

(Supplemental Figure 1b). Therefore, VGLL3 supports cellular adaptation to metabolic 

stress via p53 in female keratinocytes.
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Starvation remodels VGLL3 chromatin, enabling VGLL3 induction by IFNα

VGLL3 was initially identified as a factor promoting female-biased autoimmunity9. VGLL3 

is upregulated in tissues of multiple autoimmune diseases compared to normal, and its 

knockdown decreased expression of a network of female-biased, autoimmunity-associated 

genes9. In addition, keratinocyte-specific overexpression of VGLL3 was sufficient to drive 

systemic autoimmunity12.

Based on the role of VGLL3 in cellular stress response, it is reasonable to think that higher 

levels of VGLL3 in females provides competitive advantage in adaptation to the metabolic 

cost of feeding a developing embryo. Consistently, VGLL3 exhibits increased expression in 

skin of healthy females compared to males9. However, this level of female-biased expression 

in the healthy population is clearly insufficient to cause autoimmunity. What, then, is the 

critical trigger that further elevates VGLL3 level leading to disease onset?

To address this question, we studied the response of female keratinocytes to IFNα, a 

signature molecule of autoimmune diseases15,16,38, under nutrient-sufficient and deficient 

conditions. Intriguingly, growth factor deprivation allowed VGLL3 upregulation by IFNα, a 

response not seen when nutrient was sufficient (Figure 2a, b). The differential response was 

not due to lack of IFNα signaling with normal growth media, because phospho-STAT3 was 

induced to a similar level under both conditions (Figure 2b).

To understand the molecular mechanism underlying the observed selective response to IFNα 
under energy stress, we analyzed putative transcription factor binding sites along the VGLL3 
gene (Figure 2c). We observed three potential regulatory sites at VGLL3 promoter, 3’- exon, 

and 3’ - UTR, respectively, with activating histone modifications (H3K4me3 and/or 

H3K27Ac) in keratinocytes and putative STAT-binding sites that lie adjacent to putative c-

Fos binding sites (Figure 2c). Fos family members are known to be stimulated by growth 

factors39. Similarly, we observed significant downregulation of c-Fos in female 

keratinocytes upon growth factor withdrawal (Figure 1d, 2b). We hypothesized that 

nutritional deprivation in female keratinocytes results in the removal of c-Fos from VGLL3 
chromatin, which subsequently exposes binding sites for STAT3 and/or its associated 

transcriptional complex, leading to transcriptional induction of VGLL3 upon IFNα 
stimulation.

We tested this hypothesis by chromatin immunoprecipitation of c-Fos and pSTAT3 at the 

three regulatory sites of VGLL3 gene under nutrient sufficient- and deficient-conditions, 

with or without IFNα stimulation in female keratinocytes. As expected, there was loss of c-

Fos signal at all three sites under energy stress (Figure 2d), accompanied by a starvation-

induced increase of H3K4me3 signal at VGLL3 promoter and loss of H3K27me3 at 3’UTR 

(Figure 2f, Supplemental Figure 2). The abundance of pSTAT3 under stress was marginally 

increased (Figure 2e), indicating that transcriptional co-factors other than STAT3 might play 

a role in IFN-induction. STAT3 is known to complex with CBP/p300, which acetylates 

histone H3K27 for transcriptional activation40,41. Intriguingly, H3K27 acetylation was only 

detected with IFNα stimulation under nutrient stress, but not under other conditions (Figure 

2g). These observations support a model in which starvation-induced loss of c-Fos results in 

deposition of the active histone mark, H3K4me3, on VGLL3 promoter. In addition, absence 
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of c-Fos allows binding and functioning of pSTAT3-containing transcriptional complex upon 

IFNα stimulation. pSTAT3-containing transcriptional complex further acetylates H3K27, 

which ultimately results in VGLL3 induction.

In contrast, starvation did not sensitize VGLL3 response to IFNα in male keratinocytes 

(Supplemental Figure 2b). VGLL3 promoter in male keratinocytes was marked with 

increased H3K27me3 under all conditions tested compared to female cells (Supplemental 

Figure 2a, c), consistent with previous report of male-biased H3K27me3 on VGLL3 
promoter9. This data supports a model in which VGLL3 expression in male cells is inhibited 

by the repressive histone mark H3K27me3, which needs to be removed before 

transcriptional activation can occur during both starvation and IFNα stimulation.

We further tested the response of VGLL3 to nutritional stress and IFNα stimulation in 

human fibroblasts. Similar to keratinocytes, VGLL3 was induced by starvation in female, 

but not male, fibroblasts (Supplemental Figure 2d, e). However, the effect of nutritional 

stress on IFNα potentiation is less pronounced compared to keratinocytes. Therefore, 

VGLL3 senses nutritional stress in fibroblasts similarly to keratinocytes, while its 

downstream effector pathways exhibit cell-type specificity to some extent.

VGLL3 overexpression causes regulated cell death

Given the two-step upregulation of VGLL3 by nutritional stress and IFNα, we studied the 

functional consequence of VGLL3 increase in keratinocytes. To this end, we transfected 

primary keratinocytes with VGLL3 tagged with GFP, whose fluorescence intensity was used 

to indicate relative level of overexpression between conditions. Female keratinocytes 

expressing the VGLL3-GFP rounded up and died within 24 hours, while those expressing 

GFP to the same level and even way above stayed alive and kept proliferating (Figure 3a and 

data not shown). In addition, we observed chromatin condensation in VGLL3-

overexpressing cells (Figure 3b). There was substantial overlap between the VGLL3-GFP 

and DAPI signals, indicating the association between VGLL3 and condensed chromatin 

during cell death (Figure 3c). When we attempted to transfect male keratinocytes with 

VGLL3-GFP, we did not observe significant amount of VGLL3-GFP+ cells (data not 

shown). We reasoned that male keratinocytes might have a mechanism to downregulate 

VGLL3, either transcriptionally (e.g. by methylation of H3K27 as shown in supplemental 

figure 2c) or post translationally (by an unknown mechanism). Nevertheless, we were not 

able to overexpress VGLL3 in male keratinocytes and therefore focused subsequent studies 

on female keratinocytes.

We next asked if VGLL3-induced cell death was programmed and in particular mediated by 

p53. While p53 supports the adaptation of cells under stress conditions, it also drives the 

elimination of cells in which stress does not resolve33. Co-transfection of female 

keratinocytes with VGLL3-GFP and siRNA against p53 or TP53INP1 rescued the death 

phenotype (Figure 3a), suggesting that increase in VGLL3 levels activated p53-dependent 

cell death.

Cell death is known to initiate autoimmunity with uncleared cellular debris that contains 

complex autoantigens and associated inflammatory responses42,43. Specifically, two forms 
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of cell death - apoptosis and pyroptosis - have been observed with human keratinocytes 

under UVB stimulation, which may explain the photosensitivity seen in subsets of lupus 

patients44,45. Overexpression of VGLL3 in female keratinocytes did not result in activation 

of caspase-3, while staurosporine treatment did as positive control (Supplemental Figure 3a–

c). In addition, VGLL3 overexpression did not lead to IL-1β cleavage, while UVB treatment 

did as positive control (Supplemental Figure 3d–f). VGLL3-induced cell death still occurred 

with addition of Z-VAD-FMK or Z-YVAD-FMK (data not shown), leading us to conclude 

that VGLL3 does not cause apoptosis or pyroptosis.

VGLL3 overexpression resulted in loss of MitoTracker signal, an indicator of the number of 

functioning mitochondria (Supplemental Figure 4). This loss was reversed by knockdown of 

p53 or TP53INP1 (Supplemental Figure 4), consistent with the report that p53 opens 

mitochondrial permeability transition pore to trigger necrosis46. However, necrostatin-1 only 

partially inhibited cell death caused by VGLL3 overexpression (data not shown), adding 

complexity to the form of VGLL3-induced cell death.

VGLL3-induced keratinocyte cell death upregulates IFNα signaling in monocytes

Stressed skin epithelium with VGLL3 upregulation may initiate lupus-associated 

inflammatory responses by 1) inducing infiltration of monocytes, 2) affecting gene 

expression profile of infiltrated monocytes, 3) altering the differentiation of monocytes into 

macrophages and/or myeloid dendritic cells, influencing clearance of dead cells and/or 

adaptive immunity against self-antigens47,48. To test these possibilities, we first examined 

the migration of monocyte-like THP-1 cells towards conditioned media from female 

keratinocytes expressing GFP or VGLL3-GFP. We found that VGLL3 increase in 

keratinocytes did not have any major effect in stimulating THP-1 migration (Supplemental 

Figure 5a). Next we analyzed the efficiency of THP-1 differentiation into macrophages or 

dendritic cells using established markers49,50 with conditioned media from keratinocytes 

expressing GFP or VGLL3-GFP, and again observed no effect of VGLL3 expression 

(Supplemental Figure 5b–e and data not shown). Lastly we examined the expression of IFN 

signaling genes in THP-1 cells that migrated to conditioned media from keratinocytes 

expressing GFP or VGLL3-GFP. VGLL3 expression in keratinocytes upregulated IFNAR1 
and OAS2, a signature, type I interferon-inducible gene upregulated in lupus 

patients15,16,38,51, in migrated monocytes (Figure 3d). This effect was abolished when p53 

siRNA was co-transfected with VGLL3-GFP in keratinocytes (Figure 3d), suggesting that 

upregulation of IFNα signaling is a result of VGLL3-p53 mediated stress response. In 

contrast, VGLL3 overexpression was insufficient to upregulate expression of IFNα pathway 

genes in keratinocytes (Figure 3e), supporting a paracrine but not autocrine effect of 

keratinocyte stress response.

VGLL3-associated stress signaling is increased in lupus patient skin

The observation that VGLL3-p53 mediated stress response in keratinocytes upregulates IFN 

response in monocytes raises the possibility that dysregulation of this stress sensing pathway 

is associated with lupus pathogenesis. To test this possibility, we stained normal skin and 

lesional skin from discoid lupus erythematosus (DLE) and subacute cutaneous lupus 

erythematosus (SCLE) patients for VGLL3 and p53. For both DLE and SCLE, there were 
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patients without detectable level of active caspase-3 or cleaved IL-1β (Figure 4a). 

Consistently, no apoptosis was detected in these patients by TUNEL assay, despite clear 

signals from positive control samples (Figure 4b). Instead, these patients exhibited increased 

levels of VGLL3 and p53 (Figure 4a). By contrast, affected skin in vulva lichenoid 

dermatitis and actinic keratosis did not show increased VGLL3 or p53 levels (Figure 4a). 

Therefore, dysregulation of the VGLL3-p53 stress sensing pathway is associated with lupus 

pathogenesis and delineates a distinct subgroup of lupus patients who are negative for 

apoptosis or pyroptosis.

Discussion

The striking predominance of autoimmune diseases in women (~78% overall and up to 

~95% for specific diseases7,8) has long perplexed scientists. Previous studies shed light on 

the molecular basis of sexual dimorphism in autoimmunity by demonstrating a female-

increased, molecular network under the regulation of VGLL39. The role of VGLL3 in 

autoimmune pathogenesis has been demonstrated on three levels. Firstly, in human 

keratinocytes, VGLL3 knockdown diminished expression of autoimmune-associated genes 

that were abnormally upregulated in several female-biased autoimmune diseases, including 

systemic and cutaneous lupus erythematosus, sclerosis and Sjögren’s syndrome9. Secondly, 

VGLL3 itself is upregulated in lesional skin of lupus patients9. Thirdly, keratinocyte-specific 

overexpression of VGLL3 in mice was sufficient to recapitulate lupus-associated cutaneous 

inflammation and drive systemic autoimmunity12. Why, then, would females express a 

pathogenic gene at a high level?

To answer this question, we need to first better understand the function of VGLL3. VGLL3 

(Vestigial like family member 3) was identified in humans based on its homology with the 

Drosophila gene vg (vestigial). In Drosophila, vg encodes a cofactor of Scalloped, homolog 

of the transcription factor TEF-152. Besides the conjecture that VGLL3 may function similar 

to vg, we lack understanding on the exact function of VGLL3 in humans.

Addressing this knowledge gap, in this study we report a previously unknown role of 

VGLL3 in sensing nutritional stress. We provide evidence that under nutritional deficiency, 

VGLL3 is upregulated in primary human female, but not male, keratinocytes and functions 

to upregulate IL-17C and restrict IL-1 signaling. A major difference between these two pro-

inflammatory pathways is that IL-17C has low potency and provides local, basal 

defense25,26. In contrast, IL-1 drives systemic, damaging inflammation, which is an 

energetically costly process27,28. Therefore, VGLL3 remodels the immune profile of human 

keratinocytes so that skin, as the front line of defense, can maintain basic antimicrobial 

activities while restricting energy expenditure. In this way VGLL3 helps cells and on a 

larger scale, the organism, adapt to metabolic stress.

Our finding offers an evolutionary explanation to female-biased expression of VGLL3. 

When placental mammals evolved, the need to feed a developing embryo posed significant 

challenge to metabolism and forced metabolic pathways to adapt14. We now show that 

increased levels of VGLL3 provides a competitive advantage for females by helping non-

placental, maternal tissues adapt to competing demands for energy. Meanwhile, it is worth 
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noting that according to the hygiene hypothesis, decrease in the infectious burden associates 

with the rise of autoimmune diseases53, which suggests that lifestyle changes may lead to 

increase in autoimmune disease incidence. To the best of our knowledge, there has been no 

evidence that suggests autoimmune diseases can, in turn, affect the evolution of humans.

Consistent with a protective role of VGLL3 in females, its level in healthy women is not 

sufficient to cause disease. In other words, there is a critical trigger that further elevates 

VGLL3, leading to autoimmune onset. Intriguingly, we have found that nutritional stress 

remodels the chromatin landscape on the VGLL3 gene in female keratinocytes, allowing it 

to be further induced by IFNα, a signature cytokine in autoimmune diseases including 

SLE15,16,38. Human keratinocytes have low tolerance for VGLL3 increase and once 

threshold is reached, undergo inflammatory, regulated cell death that has been strongly 

implicated in autoimmune pathogenesis54,55. The same pathway (VGLL3-p53) operates in 

both adaptation, below stress threshold, and cell death, when stress exceeds the critical level. 

Consistently, both VGLL3 and p53 are upregulated in lesional skin of lupus patients. 

Importantly, majority of recent studies demonstrate that SLE worsens during pregnancy56, 

when maternal and fetal tissues compete for energy. Together with clinical observation of 

malnutrition in SLE patients57–59, these lines of evidence support the model that energy 

stress is an important trigger of autoimmune pathogenesis in high-risk populations, and 

pinpoint VGLL3 as the key molecule at the intersection of metabolic and immune 

regulation.

With nutritional deficiency as a newly identified autoimmune trigger, it is reasonable to 

think that nutritional monitoring strategies can be developed to prevent and/or treat 

autoimmune diseases. For lack of effect preventative and treatment strategies, autoimmune 

diseases as a category now affects more than seven percent of the general population, is the 

second highest cause of chronic illness, and the top cause of morbidity in women in the 

US60–63. Our findings may ultimately lead to novel clinical approaches that address this 

significant public health issue.

In addition to autoimmunity, our finding on the regulation of p53 by VGLL3 has 

implications for other diseases including cancer. Malignancies affect more males than 

females across a range of cancer types including skin cancers for unknown reasons64, and 

the female-biased regulation of the tumor suppressor p53 may shed light on its molecular 

basis. Recently, VGLL3 expression has been associated with a tumor suppressor 

phenotype65, strengthening its link to sex bias in cancer biology.

In summary, in this study we have demonstrated the role of the female-biased, pro-

autoimmune factor VGLL3 in stress sensing and delineated how dysregulation of VGLL3-

mediated stress sensing could lead to autoimmune pathogenesis. These findings provide an 

evolutionary rationale for female-biased autoimmunity, highlight the intricate interaction 

between metabolic and immune regulation, and offer novel strategies for autoimmune 

disease prevention or treatment.
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Materials and methods

Cell culture, siRNA and overexpression

Normal primary human keratinocytes were purchased from Lonza and grown in Lonza 

KGM-gold keratinocyte growth medium according to manufacturer instructions. For KBM 

treatment, growth factors were removed from KGM-gold keratinocyte growth medium. Cells 

were used at passage 1 or 2. THP-1 cells were purchased from ATCC and cultured in 

RPMI-1640 medium, 10% fetal bovine serum, and 0.05 mM 2-mercaptoethanol (ATCC) 

according to ATCC recommendations. siRNA and overexpression vectors were introduced 

by electroporation using Lonza 4D-nucleofector following manufacturer’s 

recommendations.

Gene and protein expression analysis

Cells were collected in Trizol (Thermo Fisher Scientific) and RNA was isolated using the 

Purelink RNA Mini kit (Thermo Fisher Scientific) following recommended manual. Reverse 

transcription was performed with Superscript IV first-strand synthesis system (Thermo 

Fisher Scientific) and qPCR was performed on Quantstudio-7 with Power SYBR green 

master mix (Thermo Fisher Scientific) following manufacturer’s protocol. For protein level 

analysis, cells were lysed in 2x Laemmli buffer and resolved by SDS-PAGE gel (Bio-rad) 

following manufacturer’s instructions. Proteins were transferred to PVDF membrane, 

blocked with blocking buffer (Cell Signaling Technologies), incubated with primary 

antibodies overnight, washed in TBST, incubated with HRP-conjugated secondary 

antibodies, and imaged on Odyssey Imaging System.

Immunofluorescence

Cells were fixed with 4% formaldehyde in PBS for 5 minutes, blocked with 1% BSA for 20 

minutes, permeabilized with 0.1% Triton X-100, and incubated with primary antibodies 

overnight at 4 degrees. Cells were washed with PBS and 0.1% Triton X-100, incubated with 

fluorophore-conjugated secondary antibodies in dark for 1 hour at room temperature, 

washed with PBS, stained for DNA and imaged.

Immunohistochemistry

Formalin-fixed, paraffin-embedded specimens on slides were heated for 30 minutes at 55 

degrees, rehydrated and epitope-retrieved with Tris-EDTA, pH9. Slides were blocked, 

incubated with primary antibody overnight at 4 degrees, washed, incubated with secondary 

antibody, developed with DAB (3, 3’ diaminobenzidine) and counterstained using 

hematoxylin.

TUNEL assay

TUNEL staining was performed using the TACS TdT-Fluor in situ apoptosis detection kit 

(R&D systems).
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Flow cytometry

Cells were collected, blocked with human TruStain FcX (BioLegend), incubated with 

fluorescent conjugated antibody for 20 minutes on ice in dark, washed with FACS buffer, 

stained with DAPI and analyzed on Attune Flow Cytometer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
VGLL3 supports keratinocyte adaptation to nutrient deprivation. a-e, qRT-PCR of VGLL3 
(a), IL-17 and receptor genes (b), DEFBs (c), NF-κB and AP-1 genes (d), IL-1 and receptor 

genes (e) under KGM (keratinocyte growth media, complete) or KBM (keratinocyte basal 

media, removing growth factors) culture conditions in female keratinocytes, with scrambled 

(Scr Ri) or VGLL3 (VGLL3 Ri) siRNA. n=3, mean ±s.e.m, * P <0 .05, (*) P < 0.1, 

Student’s t-test. f, summary of the effect of VGLL3 knockdown on IL-17 and IL-1 

pathways. Blue, expression downregulated by VGLL3 knockdown. Red, expression 

upregulated by VGLL3 knockdown. u.d., expression undetermined. g, western blot of 

indicated proteins under KGM (keratinocyte growth media, complete) or KBM (keratinocyte 

basal media, removing growth factors) culture conditions, with scrambled (Scr Ri) or 

VGLL3 (VGLL3 Ri) siRNA in female keratinocytes.
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Figure 2. 
Nutrient stress remodels VGLL3 chromatin, enabling VGLL3 induction by IFNα. a, qRT-

PCR of VGLL3 under KGM (keratinocyte growth media, complete) or KBM (keratinocyte 

basal media, removing growth factors) culture conditions in female keratinocytes, with or 

without IFNα treatment. b, western blot of indicated proteins under KGM or KBM culture 

conditions, with or without IFNα treatment in female keratinocytes. c, regulatory sites along 

VGLL3 gene, summarized from UCSC genome browser. d-g, ChIP-qPCR of c-Fos (d), 

pSTAT3 (e), H3K4me3 (f), and H3K27ac (g) on the three regulatory sites of VGLL3, under 

KGM or KBM culture conditions, with or without IFNα treatment in female keratinocytes. 

n=3, mean ±s.e.m, * P <0 .05, Student’s t-test.
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Figure 3. 
VGLL3 excess causes regulated, inflammatory cell death. a, keratinocyte cell morphology 

(phase) and DNA status (DAPI) upon transfection with indicated constructs in female 

keratinocytes. Ri, RNAi. Scr, Scrambled. Zoom-in pictures of arrow-pointed cells are shown 

in b to demonstrate chromatin condensation. c, overlap between GFP and DAPI signals in 

female keratinocyte expressing VGLL3-GFP. d, qRT-PCR of indicated genes in THP-1 cells 

migrated to conditioned media from female keratinocytes overexpressing GFP, VGLL3-GFP, 

and VGLL3-GFP with siRNA against p53. n=3. e, qRT-PCR of indicated genes in female 

keratinocytes overexpressing GFP and VGLL3-GFP. n=3. Mean ±s.e.m, * P < 0 .05, (*) P < 

0.1, Student’s t-test.
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Figure 4. 
VGLL3-p53 is upregulated in lupus lesional skin. a, immunohistochemistry staining of 

indicated proteins. b, TUNEL assay of normal and lupus skin, with negative control (NC) 

and positive control (PC) shown on the left. N1, normal skin, male. N2, normal skin, female. 

DLE1, discoid lupus erythematosus skin, male. DLE2, discoid lupus erythematosus skin, 

female. SCLE1, subacute cutaneous lupus erythematosus skin, male. SCLE2, subacute 

cutaneous lupus erythematosus skin, female. VLD, vulva lichenoid dermatitis, female. AK, 

actinic keratosis, male.
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