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Abstract

The role of lipid metabolism in epithelial stem cell (SC) function and carcinogenesis is poorly 

understood. The transcription factor Runx1 is known to regulate proliferation in mouse epithelial 

hair follicle (HF) SCs in vivo and in several mouse and human epithelial cancers. We found a 

novel sub-set of in vivo Runx1 HFSC target genes related to lipid metabolism and demonstrated 

changes in distinct classes of lipids driven by Runx1. Inhibition of lipid-enzymes Scd1 and Soat1 

activity synergistically reduces proliferation of mouse skin epithelial cells and of human skin and 

oral squamous cell carcinoma cultured lines. Varying Runx1 levels induces changes in skin 

monounsaturated fatty acids (e.g. oleate, a product of Scd1) as shown by our lipidome analysis. 

Furthermore, varying Runx1 levels, the inhibition of Scd1, or the addition of Scd1-product oleate, 

individually affects the plasma membrane organization (or fluidity) in mouse keratinocytes. These 

factors also affect the strength of signal transduction through the membranes for Wnt, a pathway 

that promotes epithelial (cancer) cell proliferation and HFSC activation. Our working model is that 

HFSC factor Runx1 modulates the fatty acid production, which affects membrane organization, 

facilitating signal transduction for rapid proliferation of normal and cancer epithelial cells.
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Introduction

Lipid metabolism regulates a variety of critical cell biological functions, including structural 

cell components, signaling, and energy resources (1). Lipids can be either synthesized de 

novo (via cell-intrinsic or endogenous metabolism) or imported from extracellular sources, 

such as diet or adipose reserves (2). Diet (e.g. high-fat diet), is known to affect the activity of 

tissue stem cells (SCs), in the nervous system (3, 4) and the intestine (5, 6). Essential fatty 

acids are only available from diet, and their metabolites can affect SC proliferation and 

differentiation (7).

Endogenous lipid metabolism may be important in SCs to render them independent of diet 

(8–10). For instance, distinct classes of glycolipids form specialized microdomains on the 

plasma membranes and are expressed preferentially by embryonic, neural and hematopoietic 

SCs (8). Furthermore, endogenous fatty acid synthesis regulates cellular reprograming and 

SC pluripotency (11). Genes necessary for fatty acid metabolism and lipid biosynthesis are 

up-regulated in adult neural SCs (NSCs) relative to more differentiated neuroblast, and de 

novo lipogenesis drives the proliferation of NSCs and downstream progenitors (2). This 

likely occurs by providing the building blocks necessary for membrane synthesis and to 

meet the energy demands of proliferative cells (2), but they may also be important in cell 

signaling (12, 13). It has been proposed that lipid metabolism may function as a bioenergetic 

rheostat of self-renewal versus differentiation to ensure ongoing neurogenesis (14, 15). Fatty 

acid oxidation is essential for hematopoietic SC fate decisions (16, 17) and for muscle stem 

cell fate, downstream of the Lkb1 kinase (18).

In addition to normal development and adult homeostasis, cell-intrinsic lipid metabolism 

plays an important role in various diseases such as stroke, diabetes, inflammation, and most 

importantly cancer (19–22). It is well established that de novo synthesis of lipids, including 

fatty acids, occurs in numerous cancers (23). The evidence to date suggests that the same 

classical pathways can regulate the behavior of both normal SCs and their related cancers 
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(24). In this study, we asked if there is a cell-intrinsic rewiring of lipid-metabolic programs 

in epithelial cells through a known stem cell and cancer factor, Runx1, to ensure proper cell 

proliferation and survival.

We use genetic targeting of hair follicle stem cells (HFSCs) in mouse tissue, cultured 

epithelial skin cells (keratinocytes) and several human epithelial cancer cell lines and mouse 

tumors as model systems. The temporary lower HF region (bulb) periodically dies out and 

redevelops from the bulge region, where the HFSCs reside, in a regenerative process of 

homeostasis known as hair cycle (25, 26).

Previously, our laboratory uncovered the hematopoietic SC transcription factor Runx1 (27) 

as an important HFSC regulator during adult and embryonic skin homeostasis (27, 28). We 

implicated Runx1 in adult HFSC timely activation from quiescence and normal hair cycle 

progression (29) and in rates of self-renewal (25, 30). Runx1 is up-regulated in quiescent 

HFSCs migrating outside the niche (bulge), and promotes a reversible early progenitor (hair 

germ) cell-state prone for subsequent rapid activation and proliferation (29). We found 

Runx1 absolutely essential for keratinocyte proliferation and survival in cell culture and for 

skin and oral epithelial tumorigenesis in mice (30, 31). Furthermore, we found that several 

human oral and skin squamous cell carcinoma cell lines required Runx1 for their growth and 

survival, and several types of human epithelial tumors showed elevated levels of Runx1 (31). 

We have uncovered Stat3 (31), Wnt signaling (27), p21 and p15 (32) as signaling pathways 

mediating in part the role of Runx1 in proliferation and carcinogenesis. Wnt signaling is an 

important determinant of fate for different tissue SCs and cancers and promotes epithelial 

cell proliferation (33); it is also crucial for hair germ activation during hair cycle (34). 

Nuclear accumulation of β-catenin, which is the downstream effector of Wnt, turns on the 

target genes and promotes the activation of HFSCs and hair regeneration (35).

To systematically investigate how Runx1 is accomplishing its role in epithelial cell 

proliferation and survival, we characterized the global gene expression changes induced by 

Runx1 elevation in quiescent HFSCs in vivo (29). Among thousands of genes that changed 

mRNA expression upon Runx1 induction, we found a distinct GEO set of elevated genes 

with known functions in lipid metabolism (Table 1). Here we test the potential implication of 

some of these target genes in mediating Runx1-driven epithelial cell proliferation and 

survival in both normal tissue homeostasis and cancer.

Material & Methods

Animal studies

Mouse work followed the Cornell University Institutional Animal Care and Use Committee 

guidelines. For Runx1 knockout (KO) studies we used K14-Cre or K14-CreERT2/

Runx1Fl/FL (iKO) mice (31). For Runx1 deletion, mice were injected at PD17 

intraperitoneally with 225µg Tamoxifen (Sigma) per gram of body weight dissolved in corn 

oil and sacrificed at PD20. Runx1Fl/Fl+TM and K14-CreERT2; Runx1Fl/Fl+oil littermates 

served as control. For overexpression studies, we used pTRE-mycRunx1 crossed with Tet-on 

K14-rTA mice previously generated (29). These mice were fed with doxycycline (doxy) 

chow (1,000 mg/kg) at PD19 to induce Runx1 expression and sacrificed at PD20, as 
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described before (29). For hair-germ and bulge cell sorting we used previously generated 

K15-EGFP mice (36).

Immunofluorescence staining

Murine back skin or mouse and human tumors were embedded in Optimal Cutting 

Temperature (OCT) compound (Tissue Tek, Sakura) on dry ice and stored at −80°C. Frozen 

10 µm skin sections were fixed with freshly made 4% paraformaldehyde for 10 minutes at 

room temperature (RT), blocked in blocking solution for 1– 2 hours, and incubated with 

primary antibodies for 24 hours at 4°C, as described before (29, 31). MOM Basic kit (Vector 

Laboratories) was used for mouse primary antibodies. After washing, we incubated for 1 

hour with TxR, FITC, and Alexa-594 -conjugated secondary antibodies (Jackson Immuno 

Research), at a 1:500 dilution. TSA reagent (PerkinElmer) was applied (1:50 dilution) for 5 

minutes on cell culture samples stained for Scd1 to enhance signal. After washing, the 

samples were counterstained with Hoechst and mounted in antifade solution onto glass 

slides for microscopy. HRP was used at 1:1000 dilution prior to application of TSA reagent. 

For Edu stainings, the Click-iT® Edu Alexa Flour® 594 Imaging kit was used (Thermo 

Fisher Scientific). Edu reagent (Thermo Fisher Scientific) was applied for 30 minutes at RT 

prior to blocking and application of other primary antibodies. Detailed list of antibodies with 

dilution is found in Supplementary Table 1.

Cell culture

The human oral squamous cell carcinoma lines SCC66 and SCC125 were obtained from Dr. 

Susanne Gollin (University of Pittsburg, Pittsburg, PA) (37) and grown in minimum essential 

media (MEM) as previously described (31). The human skin squamous cell carcinoma cell 

line SCC13 (Dr. Stuart Yuspa, NIH) was grown as described (38, 39). Murine primary 

keratinocytes were created and maintained in low-Ca2+ keratinocyte E medium as previously 

described (29, 31, 40). All cells were grown at 37°C with 5% CO2.

For chemical inhibitor experiments cells were grown to 70% confluency on coverslips and 

the media was replaced immediately prior to experimentation. Scd1 inhibitor (A939572) 

(41, 42) was purchased from Med Chem, concentration of 1µM was used in experimental 

studies. Soat inhibitor TMP-153 sc-200649 (43) was purchased from Santa Cruz 

Biotechnology. Soat inhibitor diluted in keratinocyte media were added to experimental 

wells up to 0.5 µM concentration for 24 hours and equivalent dilutions of ethanol were 

added to control wells. Cells were rinsed with phosphate buffer saline (PBS) prior to fixation 

in 1.6% paraformaldehyde for immunofluorescence staining. For the growth rescue 

experiment, keratinocytes isolated from the skin epithelium of Runx1 iKO newborn mice 

were treated with final working concentration of 2µM 4-hydroxy tamoxifen (4-OHT) 

dissolved in culture media and simultaneously added Oleate (Sigma) at the concentration of 

12.5µM.

Membrane fluidity experiments

Measurements of membrane organization or fluidity were performed as described (44) with 

some modifications. Specifically, 2 million cells were suspended in 200 µL of 1X PBS and 

1.8ml of Tyrodes/BSA buffer in 1 µM of Laurdan or Patman reagents (Molecular probe) for 
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15 minutes at 37°C with gentle shaking. Cells were subsequently washed and suspended in 

Tyrodes buffer. Measurements were performed at 25°C using an SLM steady state 

fluorimeter (# 8000C; SLM instruments, Urbana, IL) with excitation at 360 nm and emission 

spectra from 400 nm to 550 nm. Generalized polarization (Gp) was calculated as Gp = 

(F430 nm – F500 nm) / (F430 nm + F500 nm) after the background was subtracted.

Topflash Wnt reporter activity assay

Transfection cocktail was made using TransIT-Keratinocyte reagents according to the 

manufacturer's instruction (Mirus, WI, USA). After 16 hours, media was refreshed with 

inhibitors, A939572: 1 µM, TMP-153 sc-200649 : 0.5 µM, Oleate: 12.5 µM (Sigma). After 

16 hours of inhibitor pretreatment, cells were refreshed with media containing inhibitors 

with or without Wnt3a (50 ng/mL) (ab81484, Abcam, MA, USA). After 24 hours, we 

harvested cells with 50 µL protein lysis buffer (Promega, WI, USA), freeze-thawed 3 cycles, 

and determined TOP Flash activity by dual-luciferase™ reporter (DLR™) assay systems 

(Promega) using spectrophotometer (Glomax 20/20 Luminometer, Promega).

qRT-PCR and FACS Sorting

Total RNA was isolated from sorted HFSCs and HG cells using RNeasy Micro kit (Qiagen) 

and from cultured keratinocytes using RNeasy Mini kit (Qiagen). cDNA synthesis and qRT-

PCR was performed as described earlier (45). Primers used are listed in Supplementary 

Table 2. Fluorescence activated cell sorting (FACS) using (BD FACS Aria) was done on 

single cell suspensions freshly isolated from K15-GFP+ skin and stained with CD34 and 

α6-integrin, as described (29) to isolate bulge and hair germ (HG) cells as HFSCs and early 

progenitor cells, respectively.

Chromatin immunoprecipitation (ChIP)

ChIP was performed as previously described before (29, 31), using Runx1 antibodies to test 

binding to the Scd1 and Soat1 promoter.

Lipid extraction from total skin for lipidome analysis

About 50 mg of mouse skin per sample was extracted by Bligh and Dyer extraction (46). For 

details check supplementary information. Fatty acid methyl esters (FAME) were analyzed by 

GC-FID and identified by GC MS/MS as described elsewhere (47). Response factors were 

calculated with an external standard mixture (GLC462; Nu-Chek Prep, Inc.) and applied to 

raw areas to correct for differential instrument responses. Percentages of each fatty acid 

were calculated by dividing the corrected area of individual fatty acid by the corrected area 

of total fatty acids for each lipid class (45).

Statistical Analysis

Unpaired t-tests were performed in Excel or GraphPad Prism, assuming equal variance 

among the groups, and P-values of ≤ 0.05 were considered significant.

Methods details are described in supplementary information.
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Results

Lipid metabolism genes are changed in response to Runx1 expression in HFSCs and 
progenitor cells

Previously, we identified potential Runx1 target genes from HFSC (bulge) and early 

progenitor (hair germ, HG) cells during the 1st telogen of mouse skin (29). For this, we 

employed pTRE-mycRunx1(29); K14-rTA transgenic (TG) mice with K15-EGFP (36) 

expression, which were doxy-fed for 1-day at PD19 to induce elevated Runx1 expression. 

Single-cell suspensions from mouse skin were then subjected to fluorescence activated cell 

sorting (FACS) to isolate bulge and HG cells respectively as CD34+/α6+ and CD34−/

α6+/GFP high (29). Among the thousands of dis-regulated mRNAs obtained from 

Affymetrix microarrays of sorted cells, we identified a defined sub-set of 42 bulge up-

regulated genes with known functions in lipid metabolism (Table 1). Using here the same 

experimental scheme we set out to verify the expression of some lipid-related genes by qRT-

PCR (Fig. 1A–D). Runx1 TG bulge and HG sorted fractions (Fig. 1B–C) showed an 

increase in lipid related genes such as: Pparg, implicated in lipid homeostasis (48); Soat1, 

the rate limiting enzyme that converts cholesterol to cholesterol ester; Scd1 and Scd3 

enzymes, which catalyze the conversion of saturated fatty acids (SFA) to D-9 

monounsaturated fatty acids (MUFA); Fads6 and Fads1, which add double bonds on fatty 

acids. Lpl is involved in triacylglycerol hyrdrolysis (49) and its expression did not change.

Next, we tested the expression of these genes in bulge and HG cells sorted at PD20 from 

inducible knockout (iKO) Runx1fl/fl, K14-CreERT2; K15-EGFP mice and WT; K15-EGFP 

control littermates injected with tamoxifen at PD17. Some of the lipid-related genes, 

including Scd1 and Soat1 show significant decreased level upon Runx1 knockout (Fig. 1D).

Soat1 protein expression was also decreased in both bulge and HG in Runx1 KO skin by 

immunofluorescence staining of frozen skin sections followed by quantification (Fig. 1E and 

1F). We also analyzed the expression of Scd1 using several commercial antibodies, and 

detected strong signal in the sebaceous gland, in line with previously reported mRNA by 

FISH (50). We surmise that Scd1 protein expression is lower in hair follicle cell types other 

than sebaceous glands, and hence difficult to detect, although the mRNA upregulation in 

response to Runx1 was easily detectable in the HG and bulge sorted cells.

Since Scd1 and Soat1 have previously been implicated in hair regulation and in several non-

skin cancers, we asked whether they may also play a role in our reported Runx1-mediated 

control of cell proliferation in normal and cancer epithelial cells (29–31).

Runx1 dictate the expression of Scd1 and Soat1 in cultured keratinocytes

To further examine Runx1 regulation of potential downstream targets and to avoid 

compounding systemic effects in live tissues, we employed cultured keratinocytes 

genetically modified to inducibly manipulate Runx1 levels. Primary keratinocytes were 

isolated from the newborn skin epithelium of Runx1 TG and Runx1 iKO mice. Runx1 

reduction is induced by administration of 4-OHT to the iKO cells for 48 hours (31), while 

Runx1 elevation is induced upon doxycycline treatment of TG cell lines (29) for 6 hours. 

First, we analyzed by qRT-PCR the mRNA expression of the several lipid enzymes we 
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previously characterized in vivo. Significantly, the changes in expression levels in cell 

culture conditions (Fig. 2) were consistent with our in vivo data from Figure 1. In particular, 

upon Runx1 induction both Scd1 and Soat1 mRNAs were up-regulated in the TG cells and 

downregulated in the iKO, as expected (Fig. 2A, 2B). Furthermore, Runx1 elevation raised 

the Scd1 (Fig. 2C–E) and Soat1 protein levels (Fig. 2F–G, 2J).

Conversely, consistent with mRNA expression patterns both Soat1 and Scd1 proteins were 

found down-regulated in the Runx1 iKO cells, 48 hours after addition of 4-OHT, as shown 

by Western blots (Fig. 2H, I). To further explore the molecular mechanism of gene 

regulation of Scd1 and Soat1, we examined Runx1 direct binding on the promoter of Scd1 

and Soat1. We employed eukaryotic promoter database (https://epd.vital-it.ch/index.php) 

and TRANSFEC (http://gene-regulation.com/pub/databases.html) to determine binding sites 

for Runx1 in the promoter of Scd1 and Soat1; we experimentally tested 3 regions containing 

Runx1 binding sites in each of the promoters of Scd1 and Soat1 (Fig. 2K).

We performed ChIP as described before (25, 31) using K14-CreERT2;Runx1fl/fl cell lines in 

WT (iKO-CT) and Runx1 iKO (iKO+ Tam) cells. We used a region of the Gapdh promoter 

as a negative control (Fig. 2L), and previously known binding site to the P21 promoter (31) 

as a positive control (Fig. 2L). Our data showed a significant binding of Runx1 at site Scd1 

1201, Scd1 2953 and Soat1 2958 as demonstrated by > 2.5 fold binding as compare to 

negative control Gapdh (Fig. 2L). Together, the data suggest that the transcription factor 

Runx1 controls the levels of mRNA and protein expression of Scd1 and Soat1 in mouse 

keratinocytes, and that this is likely through direct binding to its consensus DNA sites on the 

Scd1 and Soat1 promoters.

Scd1 & Soat1 are highly expressed in Squamous Cell Carcinomas

Cancer cells and tissue stem cells can use common pathways to regulate self-renewal and 

differentiation (24). We previously showed that the HFSC factor Runx1 is important for at 

least a subset of skin and oral (head and neck) squamous cell carcinoma (31), and others 

have implicated Runx1 in additional epithelial cancers and in leukemia (51). Scd1 and Soat1 

have also been implicated in several cancers (41, 42, 52), but their potential role in 

squamous cell carcinomas has not been specifically analyzed yet. First, we broadly looked 

for Scd1 and Soat1 expression into a publically available database Oncomine™ (Compendia 

Bioscience, Ann Arbor, MI), which has gene expression data comparing primary tumors and 

normal tissues. We found that both Scd1 and Soat1 were among the top 10% of all 

overexpressed genes in head and neck as well as other types of tumors. This included 

epithelial tumors in which Runx1 is known to play a role, such as breast, cervical, and 

ovarian (Fig. 3A). Since Oncomine contained very few samples of squamous cell 

carcinomas of the skin, we next examined the Human Protein Atlas (53) (http://

www.proteinatlas.org/) for Scd1, Soat1 and Runx1 protein expression in human patient 

tumor samples (Fig. 3B and Supplementary Fig. 1). Corroborating our previous findings 

(31), our collective analysis supports the notion that Runx1 is highly expressed in oral as 

well as skin carcinomas. We also find that Scd1 is moderately to highly expressed in both 

oral and skin squamous carcinoma samples. Finally, Soat1 is expressed at some level in few 

skin and oral carcinoma samples, but generally shows higher variability of expression in 
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different tumor samples (Supplementary Fig. 1). Next, we examined the expression of Scd1 

and Soat1 proteins by immunofluorescence staining and Western blots of human squamous 

cell carcinomas (SCC) cell lines, namely oral (SCC66, SCC125) (54), and skin SCC 

(SCC13) (38, 39). Previously we reported elevated Runx1 expression in all these human 

cancer lines (31) and here we show that they also express readily detectable levels of Scd1 

and Soat1 (Fig. 3C, D; Supplementary Fig. 3). Previously we have shown that iKO of Runx1 

during DMBA/TPA tumor initiation stage in mouse skin impairs tumor formation while iKO 

post-tumor formation results in tumor shrinkage (31). Suggestively, when we analyzed wild 

type and Runx1 iKO mouse skin papilloma tumors by immunofluorescence we found that 

Runx1 loss resulted in reduction of Scd1 and Soat1 expressions (Fig. 3E–H). Taken, together 

these data document expression of the Scd1 and Soat1 lipid enzymes in human epithelial 

cancer cells, including in cancer lines previously found to depend on Runx1 expression for 

proliferation (31).

Finally, we investigated whether Runx1, Scd1 and Soat1 expression may co-localize in 

human skin tumors (SCCs) by immunofluorescence staining of serial sections stained with 

either Runx1 and Scd1 or Runx1 and Soat1 (Supplementary Fig. 4, details discussed in 

Supplementary information). In conclusion, we were unable to find a positive correlation in 

Runx1 levels of expression with Scd1 and Soat1, suggesting that their potential inter-

dependence is highly cell-type specific. This is not surprising since in normal tissue Scd1 is 

highly expressed in sebaceous glands, where Runx1 is absent. With the caveats of the serial 

sections imperfect overlap notwithstanding, these data suggest that rare cells distributed in 

specific patterns within the epithelial structures may express all three genes (Scd1, Soat, and 

Runx1). It is possible that these rare cells from primary tumor might be the ones that 

proliferate well in cell culture, thus explaining our results in the SCC cell lines.

Scd1 and Soat1 inhibition impairs epithelial normal and cancer cell proliferation

Previously we showed that Runx1 regulates proliferation of keratinocytes and of several 

human SCC lines (29) (31) including SCC-13, -66 and -125, employed in this study. 

Interestingly, lipid enzymes Scd1 and Soat1 augment tumor growth and proliferation of 

several cancer types and may be promising therapeutic targets via chemical inhibition (41, 

55, 56). However, their possible involvement in SCC proliferation is unknown. Next we 

asked if chemical inhibition of Scd1 and Soat1 enzymatic activity may affect proliferation of 

mouse keratinocytes and human SCC cell lines (Fig. 4A). Primary keratinocytes isolated 

from mouse skin epithelium of Runx1 TG newborn mice were grown in the absence of 

doxycycline (TG-CT) or presence of doxycycline (TG+doxy) to elevate Runx1 expression. 

EdU added to culture medium 20 min. prior to fixation of labeled cells indicated S-phase, 

and revealed significant increased upon high Runx1 expression, as expected (29) (Fig. 4B). 

Next, we inhibited expression of Scd1 and Soat1 using well-established small molecule 

chemical inhibitors (A939572) (41, 42) (57–59) and TMP-153 (43, 60, 61), respectively. 

A939572 inhibits both mouse and human Scd1respectively (62). A939572 has no inhibitory 

activity to the co-enzymes of Scd1, cytochrome b5 and cytochrome b5 reductase, and 

interact directly and specifically with Scd1 (62). Furthermore, Scd1 shRNAs and A939572 

have similar effects on renal carcinoma cell proliferation (41) attesting to the specificity of 

this inhibitor. TMP-153 is a potent, non-competitive Acetyl-coenzyme A acetyltransferase 
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ACAT inhibitor of Soat1 and 2 enzymes (63), which drive rate limiting steps in forming 

cholesterol-esters (64). Since Soat 2 did not surface as a potential target in our microarray, 

we didn’t study it further. We found that A939572 and TMP-153 individually and 

synergistically reduce proliferation of both WT and Runx1 TG keratinocytes (Fig. 4B, 4C). 

This suggests that Scd1 and Soat1 may be needed for proliferation of cultured keratinocytes 

and that elevated Runx1 levels cannot rescue effects of Scd1 and Soat1 inhibition.

Inhibition of Scd1 is known to result in depletion of its end-product oleate, which is needed 

for cell proliferation (65). Previously we reported Runx1 iKO cell proliferation defects (27), 

and here we attempted to rescue these defects by addition of oleate. Indeed, 4-OHT addition 

to the Runx1 iKO keratinocyte cell culture medium for 48 hours impaired cell proliferation 

relative to WT, and this was overcome by oleate (Fig. 4D, 4E & Supplementary Fig. 2). 

These data further suggest a role of Scd1 and its product oleate downstream of Runx1 in 

controling proliferation of normal keratinocyte.

Next, we tested whether inhibition of Scd1 and Soat1 also affects proliferation of human 

SCC cell lines. Interestingly, we found that unlike seen in normal keratinocytes (Fig. 4C) 

where either A939572 or TMP-153 alone was sufficient to significantly reduce proliferation, 

SCCs required both inhibitors to produce a significant effect, as shown by percentage of 

EdU+ cells. The combination of inhibitors resulted in an abrupt decrease in proliferation of 

SCC13 (skin) and SCC66 (oral), with no significant effect on SCC125 (oral) (Fig. 4F). The 

observed difference between normal and cancer cells growth in culture could indicate that 

cancer cells can better overcome growth obstacle inflicted by alteration of lipid metabolism. 

These data together suggest that Scd1 and Soat1 activity is important for epithelial cell 

proliferation in both normal and cancer conditions, potentially downstream of Runx1.

Lipids and membrane organization is altered in response to Runx1

Next, we asked if the mRNA changes in lipid-metabolism related genes downstream of 

Runx1 can be correlated with physiological changes in the lipid composition. GC-MS- based 

lipidome analysis from total skin of Runx1 TG, Runx1 iKO and their WT littermate controls 

shows that fatty acids in different classes of lipids were changed in response to Runx1 levels 

(Fig. 5A–C & Supplementary Table 3). Scd1 preferentially converts stearic acid (C18:0) to 

oleic acid (C18:1) and palmitic acid (C16:0) to palmitoleic acid (C 16:1). We observed a 

significant decrease in Scd1 activity upon Runx1 loss as shown by the ratio of its product/

substrate (Fig. 5A) in the polar lipids category. This category of lipids is known to play 

important roles in signaling, and it was in line with our gene expression data and supporting 

its physiological relevance. Branched chain fatty acids (BCFA), which are synthesized in 

mammalian skin, appear as surface lipids in humans (66), mice (67), and fish (68). Our 

analysis show that BCFA appear at greater than over 10% in the cholesteryl ester (CE) 

fraction of whole skin samples (Supplmentary Table 3). Ratios of iso-16:0/16:0, 

iso-21:0/20:0 and iso-23:0/24:0 are significantly increased in the Runx1 knockout mice skin 

compared to controls (Fig. 5B). The CE lipid fraction also reveals significant decrease in 

Scd1 activity, as suggested by decrease in the ratio of oleate to stearic acid (Fig. 5C). Thus, 

our lipidome analysis of normal and epithelial-deficient Runx1 skin reveals changes in fatty 

acid composition that are consistent with a decrease in Scd1 activity.
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Based on the classical models of lipid membrane assembly, the fatty acid composition of the 

lipid bilayer affects how membrane structure is organized, a characteristic sometimes 

referred to as membrane fluidity (69). Changes in unsaturated and branched fatty acids 

which we found to be changed in the polar lipids and CE fractions are expected to influences 

the phase transition behavior of membranes and the membrane fluidity (70). The double 

bonds present in unsaturated fatty acids (e.g. oleate) cause kinks in the long hydrocarbon tail 

resulting in poor packing within the membrane and hence a less ordered state (fluid or liquid 

phase). Conversely, saturated fatty acids pack more closely resulting in a more ordered state 

(viscous or crystalline phase) (71, 72). In our case, decreased Runx1 levels causes decrease 

Scd1 expression and activity (Fig. 5A), which in turn produces less oleate (an unsaturated 

fatty acid) in the polar lipid class (Fig. 5A), which contributes a major fraction to the plasma 

membrane thus likely resulting in less membrane fluidity.

In order to assess changes in lipid membrane organization with varying levels of Runx1 we 

first utilized the membrane specific fluorescent probe Laurdan, which binds to all lipid 

membranes; it is sensitive to the polarity of the environment and exhibits a 50 nm red shift in 

the emission spectrum over the gel to liquid –crystalline phase transition (Fig. 5D) (73). We 

found that upon Runx1 loss, there is a decrease in generalized polarization (GP), a 

mathematical variation consistent with an increase in membranes fluidity (74) (Fig. 5E). 

This observation was not consistent with our original expectation. However, Laurdan binds 

to all cellular membrane, not only the plasma membrane, and our lipidome analysis suggests 

complex changes in different classes of lipids not enriched in plasma membranes upon 

varying Runx1 levels (Fig. 5A–C). For instance, the changes in brached fatty acids may be 

responsible for this result. Nevertheless, these data further support the idea that Runx1 level 

affects the composition and the organization of lipids within the cellular membranes.

To specifically examine fluidity in the plasma membrane upon induced Runx1-level 

changes, we employed a specialized fluorescent dye named Patman probe (75). We found 

that upon Runx1 knockout there is an increase in GP, or plasma membranes are indeed less 

fluid (Fig. 5F), as expected from decreased Scd1 activity and low oleate production. 

Conversely, high Runx1 expression decreases GP, hence plasma membranes were more fluid 

(Fig. 5G). This was consistent with Runx1 induced higher activity of Scd1, and the over-

production of an unsaturated fatty acid, oleate, as pointed by our gene expression and 

lipidome data (Fig 1B–C, 2A–D & 5A–C). Furthermore, we found that plasma membrane 

fluidity was decreased upon inhibiting Scd1 and increased upon addition of Scd1-product, 

oleate, as expected (Fig. 5H). In contrast, inhibition of Soat1 did not change the membrane 

fluidity (Fig. 5H). These data suggest that varying the expression of Runx1 changes plasma 

membrane organization and this is partly mediated by Scd1 and likely by the concentration 

of its product, oleate, within the lipid bilayer.

Membrane organization may in principle control different signaling outcomes (22, 76) 

although direct evidence for this model is scarce. Previously we linked Runx1 in the skin 

epithelium and cultured keratinocytes with increased Wnt signaling (28), a pathway 

important for epithelial cell proliferation (77), and for carcinogenesis (78). Thus, we next 

investigated a possible relationship between membrane fluidity and strength of Wnt 

signaling. We measured the strength of Wnt signaling using a TOPflash Wnt reporter assay 
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(79) in the presence of oleate, and chemical inhibitors A939572 or TMP-153 (Fig. 6A). 

Upon adding exogenous Wnt3a to the medium as reported earlier TOPflash activity shows a 

significant increase (Fig. 6A, a). TOPflash activity relative to Wnt3a alone was significantly 

decreased by addition of A939572 (Fig. 6A, b) and increased by addition of oleate (Fig. 6A, 

c). This was in line with decreased and increased membrane fluidity changes, respectively 

(Fig. 5H). TMP-153 had no significant effect on TOPflash activity (Fig. 6A), consistent with 

no change in membrane fluidity (Fig. 5H). In summary, these data suggest that the strength 

of Wnt-induced signaling may be modulated by the activity of a lipid-modifying enzyme 

Scd1 and its product, oleate, and this positively correlates with membrane fluidity (Fig. 6B).

Discussion

In this study, we uncovered a novel molecular mechanism downstream of the stem cell and 

cancer factor Runx1, previously implicated in hematopietic and epithelial hair follicle stem 

cell function as well as in leukemia and epithelial squamous cell carcinoma (SCC) (80). We 

previously found that Runx1-expressing cells from the hair follicle bulge are at the origin of 

skin epithelial tumors (31). Recently Runx1 has been implicated in RNA biogenesis (81). 

While we have previously demonstrated Runx1 role in control of proliferation in part via 

p21 (32), Wnt (28) and Stat signaling (31), a full picture of its downstream mechanisms 

driven by its thousands of HFSC target genes (29), is still lacking. Here we bring evidence 

that among the Runx1 target genes are enzymes important in cell-intrinsic control of lipid 

metabolism. We show that Runx1 changes the overall lipid content in mouse skin in a 

manner that correlates with the known activity of specific target genes. In particular, we find 

that in mouse keratinocytes Runx1 controls the mRNA and protein level of lipid-metabolic 

enzymes Scd1 (and its product oleate) and Soat1 (and its product cholesterol-ester, CE) by 

directly binding to their promoters. Inhibiting the Scd1 and Soat1 enzymes has synergistic 

negative effects on cellular proliferation of mouse keratinocytes and of our previously 

demonstrated (31) Runx1-dependent human epithelial cancer cell lines from skin and oral 

epithelium. Addition of Scd1-product oleate rescues the Runx1-deficient keratinocyte 

proliferation defect, suggesting an important role of fatty acid synthesis downstream of 

Runx1 in control of epithelial cell proliferation and survival.

The Scd1-product oleate was decreased in the Runx1 knockout mice in the phospholipid 

fraction, which predominates in the plasma membrane. Because oleate is an unsaturated 

fatty acid its double bond would generate a kink in the hydrocarbon chain that may increase 

membrane fluidity, and possibly enhance membrane protein movement and signal 

transduction strength through the plasma membrane. Consistent with this model we show 

that Runx1 levels affect membrane fluidity in cultured keratinocytes, as does Scd1 activity 

and the concentration of its product, oleate. Significantly, we find a direct correlation of 

higher plasma membrane fluidity promoted by Runx1, Scd1 activity, and oleate, with the 

strength of Wnt signal transduction through the membrane. Wnt signaling is known to 

promote epithelial cell proliferation and carcinogenesis, HFSC activation and hair cycle 

progression (33, 34), and we previously showed that Runx1 promotes downstream Wnt 

signaling in mouse skin epithelium and keratinocytes (28).
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Previously it was also shown that Scd1 deficiency impaires desaturation of de novo-

synthesized of palmitoyl- to palmitoleoyl-CoA, which prohibits posttranslational O-

palmitoleoylation of Wnt3a protein, essential for Wnt3a/β-catenin signaling in stem cell 

lineage decision in development of the epidermal barrier, hair growth cycle, and sebaceous 

glands (82). This mechanism might also be at play in regulating Wnt signaling downstream 

of Runx1 via Scd1 activity. Taken together our data suggest a working model in which 

Runx1 proliferation in epithelial cells is mediated in part via lipid metabolism, particularly 

through Scd1 and Soat1 (Fig. 6B). It is interesting to speculate that under the control of 

Runx1, Scd1 expression and oleate production in hair germ cells during quiescence in vivo 

may affect the plasma membrane fluidity and the O-palmitoleoylation of Wnt3a protein and 

thus promote Wnt activation and anagen onset. These possible mechanisms would explain in 

part the known Runx1 role in hair cycle progression. The composition of the plasma 

membrane, and possibly its fluidity, has been suggested to affect other signaling pathways, 

such as EGF and Notch signaling (83). Whereas Soat1 and Scd1 mutations have been 

associated with defects in sebaceous glands and with scarring alopecia, their potential roles 

in controlling hair cycle through directly promoting stem cell activation and proliferation 

have not been yet explored. Soat1 protein has been previously detected in the hair medulla 

and the sebaceous gland, and a mutation in this gene resulted in hair interior defects (84). 

We find Soat1 mRNA level and protein to be directly driven by Runx1 in the hair bulge and 

germ of the telogen hair follicle in adult mice. This expression pattern and the upstream 

regulation by Runx1, which is known to be essential for hair cycle and stem cell activation 

(25, 27, 29), together with the Soat1-inhibition effect on keratinocyte proliferation, may 

suggest a potential unexplored role of Soat1 in HFSCs to control hair cycle through stem 

cell activation. Scd1 loss, in turn, has been recently shown to result in the disruption of 

sebaceous gland and of the epidermal barrier function, and also in alopecia (82, 85). This 

phenotype was attributed to a metabolic syndrome and the loss of skin barrier function, 

while Scd1 role in the epithelial hair follicle stem cell biology remains undetermined. This is 

particularly appealing, since spontaneous mutations in the Scd1 gene in the Asebia mice 

cause all growth phases of the hair cycle, anagen, catagen, and telogen to last longer than 

those of the controls (86). Scd1 expression at high levels in the sebaceous gland (50) may 

have obscured its role in other cell types due to low expression that is difficult to detect with 

current antibodies. Our data in vivo detecting mRNA in bulge and hair germ and in 

keratinocytes (where both mRNA and protein are abundantly expressed), suggest that Scd1 

may promote keratinocyte and hair germ cell activation and proliferation, a model that will 

need direct testing in future.

Our findings in human cancers are preliminary, but suggest a possible appealing model for 

future testing, in which the epithelial stem cell factor Runx1 regulates lipid metabolism in 

both normal and cancer epithelial cells. Many studies support the idea that cancer cells 

activate the cell intrinsic biosynthesis pathway for fatty acid metabolism to produce de novo 

lipogenesis (87, 88). Scd1 and Soat1 have been previously implicated in proliferation of 

other cancers including lung, prostate, and kidney (41, 55, 89) as well as glioblastoma and 

breast cancer (52, 56), respectively. Scd1 has been shown to decrease the ratio of saturated to 

unsaturated fatty acids during G1 phase of cell cycle, and to be essential for cancer cell 

growth and survival (88). We found that Scd1 is also expressed widely in epithelial human 
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tumors as displayed our analyses of primary tumors of both Oncomine and the Human 

Protein Atlas databases. Strongly corroborating our Scd1 protein expression data in human 

SCCs cell lines and human SCC tumor samples also supported this notion. Soat1 showed a 

lower and variable expression throughout the human SCC tumors of the head and neck and 

SCC tumors of the skin suggesting broader heterogeneity of its expression in these cancers. 

Our immunostaining of serial primary human tumor sections indicates that only rare cells 

may express Runx1, Scd1 and Soat1 together. It is tempting to speculate that these are a 

postulated “cancer stem cell” population that also proliferates well in cell culture, explaining 

our results with the SCC lines. Very likely, pathways independent of Runx1 may also drive 

expression of Scd1 and Soat1 in a complex tumor microenvironment. We also found that 

Scd1 and Soat1 are down-regulated in mouse papillomas upon Runx1 loss in vivo. However, 

papilloma are early stages of tumorigenesis that eventually progress to SCC, it is also 

possible that Runx1 regulates Scd1 and Soat1 expression primarily during early stages of 

tumor initiation and growth. Clearly more work is needed to understand the relationship 

between Runx1 and lipid metabolism via Scd1 and Soat1 in human epithelial cancers.

Evidences from cancer preclinical and clinical trials suggest that chemical inhibition of lipid 

metabolism enzymes may be a potentially promissing approach to block cancer (90). 

TMP-153 inhibits the key enzymes for cholesterol esterification (i.e. Soat1 and Soat2) and 

aberrant cholesterol ester accumulation along with accumulation of oncogenic events 

promote prostate cancer aggressiveness (91). It is worth noting that our combination of 

A939572 and TMP-153 drugs to target Scd1 and Soat1 results in synergistic decrease in the 

proliferation of keratinocytes and of two of three human SCC cell lines. Unlike 

keratinocytes, which respond to either A939572 or TMP-153, human SCC cell line 

proliferation remains unaffected by each drug used individually, possibly because cancer 

cells have compensatory mechanisms to maintain their lipid production. Our data warrants 

further investigation of these drug combination for cancer therapy.

Although the role of lipids in the skin permeability barrier is well established (92, 93), there 

are no studies to date to investigate if lipids are crucial for HFSCs activation. Previously, 

lipid profiles in human patients with alopecia demonstrate abnormal lipid contents (94), 

suggesting that drugs targeting lipid metabolic enzymes may be beneficial in the treatment 

of alopecia. While we uncover here a small branch of lipid metabolism downstream of 

Runx1 via Scd1 and Soat1, many of our Runx1 targets with predicted lipid metabolism 

functions remain unexplored. In order to systematically understand the role of lipid 

metabolism in stem cell activation and thoroughly investigate the validity of our model (Fig. 

6B), we need lipidome analysis from sorted hair germ and bulge stem cells at different hair 

cycle stages and in Runx1 mutants, and direct genetic targeting of Scd1, Soat1 and the other 

lipid enzymes in the HFSCs in vivo.

Conclusion

We propose a working model in which Runx1 induces changes in lipid metabolism genes 

along with thousand other downstream factors, to create a blueprint in the lineage primed 

early progenitor cells to prepare for subsequent rapid proliferation and differentiation. An 

intricate interplay may occur between lipid synthesis states and gene regulation through 
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stem cell conserved transcription factors. When these factors promote stem cell activation 

and proliferation they may be highjacked by cancer cells originating in these stem cells to 

ensure their metabolic needs. This model can be tested in future not only in the hair follicle, 

but also in other systems where Runx1 plays a role, such as the hematopoietic stem cells and 

associated leukemia (80).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance Statement

Diet-derived lipids influence tissue stem cell activity, whereas recent evidence suggest 

that de novo endogenous lipogenesis may independently ensure their proliferation, 

activation and differentiation in a manner similar with that previously described in cancer 

cells. Lipid metabolism enzymes begin to emerge as potential therapeutic targets with 

multiple drugs developed that may inhibit tumor progression. Here, we uncover a 

potential intrinsic control of lipid metabolism via Scd1 and Soat1 by a known epithelial 

stem cell and cancer factor Runx1.
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Figure 1. Expression of lipid metabolism genes in mouse skin
(A) Representative FACS dot plot shows sorting gates to isolate bulge (CD34+/α6 integrin

+/GFP+/−) and hair germ (HG) early progenitor cells as (CD34−/α6+/GFP+), as previously 

characterized (1). The brightest 1/3 of the GFP+ cells were used, to avoid potential cross-

contamination between bulge and hair germ populations (1).

(B) qRT-PCR from Runx1 inducible transgenic (TG) FACS sorted bulge cells shows an 

increase in expression of lipid metabolism genes as compare to WT littermates. (n=2 mice 

from each genotype).
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(C) qRT-PCR from Runx1 inducible transgenic (TG) FACS sorted hair germ (HG) cells 

shows an increase in expression of lipid metabolism genes as compare to WT littermates. 

(n=2 mice from each genotype).

(D) qRT-PCR from Runx1 inducible knockout (iKO) FACS sorted HG cells shows a 

decrease in expression of lipid metabolism genes as compare to WT littermates. (n=3 mice 

from each genotype, P value throughout all figures that are <0.05 is represented as “*” on 

the graph and p value <0.005 represented as “**”.

(E) Immunofluorescence staining shows expression of Soat1 (green), Hoechst (blue) in HG 

and bulge is reduced in the Runx1 KO. Scale bar, 20 µm.

(F) Quantification of Soat1 expression in bulge and HG shows significant decrease upon 

Runx1 knockout. Numbers at bottom indicate individual mouse ID. (n=40 hair follicles per 

genotype).
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Figure 2. Runx1 dictate the expression of Scd1 and Soat1 in cultured keratinocytes
(A, B) qRT-PCR validation of mRNA levels for candidate genes in cultured Runx1 inducible 

knockout (iKO) following 48 hours of 4-OHT and transgenic (TG) keratinocytes following 6 

hours of doxycycline relative to WT controls. (n=3 from each represented genotype). 

Significant p values (<0.05) are shown as *.

(C, F) Immunofluorescence staining of cultured keratinocytes shows expression of Scd1 or 

Soat1 (green) in response to doxycycline (doxy)-induced Runx1 (TG+Doxy), TG control 

with no doxy (TG-CT), and WT cells without doxy (WT-CT) ad with doxy (WT+Doxy). 

Scale bar, 20 µm.
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(D, G) Quantification of average Scd1 or Soat1 staining after Runx1 induction (TG+Doxy) 

when compared with control (TG-CT) and (WT+ Doxy) when compared with no doxy 

control (WT-CT). (n=3 experiments, ~ 150–200 cells per experiment); normalized against 

control in each group, average intensity is arbitrary value. P value that are <0.05 is 

represented as “*” on the graph and P value <0.0001 represented as “****”.

(E) Immunofluorescence staining showing correlation of doxy-induced Runx1 elevation 

(red) with enhanced Scd1 expression (green). Nuclei (blue) were counterstained with 

Hoechst. Scale bar, 20 µm.

(H, I) Western blotting showing a decrease of Soat1 and Scd1 protein levels in cultured 

keratinocytes of Runx1 iKO after 48 hours of 4-OHT treatment, denoted as (TM). Vinculin 

(Vinc) works as loading control.

(J) Western blotting against vinculin (Vinc) or Soat1 antibodies showing an increase of 

Soat1 protein in Runx1 TG keratinocytes after 12 hours of doxy-induced Runx1 expression.

(K) Scheme representing ChIP probed regions to cover predicted Runx1 binding sites (red 

bar) the promoters of Scd1 and Soat1.

(L) ChIP of CT (iKO-CT) and Runx1 KO (iKO+Tam) keratinocytes using Runx1 antibody, 

P value for pair wise comparisons that are <0.05 is represented as “*” on the graph, (n= 3 

independent experiments).
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Figure 3. Expression of Scd1 & Soat1 in Squamous Cell Carcinomas
(A) Table showing the number of significant unique analyses (S. U. A.) and total unique 

analyses (T. U. A.) using Oncomine data sets curated for cancer versus normal tissue 

pointing to up (red) or down (blue) regulation of Runx1, Scd1, and Soat1 in a variety of 

cancers. Number in each cell corresponds to number of analysis that meets the threshold of 

top 10% of all overrepresented genes in tumors.

(B) Human Protein Atlas analyses showing expression profiles of Runx1, Soat1 and Scd1 in 

skin cancer which comprises tumors samples of squamous cell carcinoma and basal cell 

carcinoma. Runx1 is expressed in most skin cancer tumors, Soat1 shows low expression, 
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while Scd1 shows moderate to high expression. Darker shades of blue correspond to higher 

expression.

(C) Western blotting of skin carcinoma (SCC13) and oral carcinomas (SCC66, SCC125) cell 

lines show elevated levels of Scd1 and Soat1 as compare to mouse embryonic feeders 

(MEFs) used as controls. Vinculin (Vinc) served as the loading control. Shown is one 

representative example of 3 independent experiments. (For quantification of data in C&D in 

repeat experiments see Supplementary Fig. 3)

(D) Immunofluorescence staining of skin squamous cell carcinoma (SCC13) and oral 

squamous cell carcinomas (SCC66, SCC125) showing Scd1 (green) and Soat1 (green). Note 

striking Scd1 and Soat1 up-regulation in SCCs as compare to wild type (WT) mouse 

keratinocytes. Scale bar, 20 µm.

(E–H) Immunofluorescence staining (E, G) and quantifications (F, H) of mouse skin tumors 

show that Scd1 (green) and Soat1 (green) are highly expressed in WT tumors and are down-

regulated in iKO tumors upon loss of Runx1. White line delineates epithelial cell clusters 

where Scd1 is expressed. Numbers represent tumors derived from different mice. Scale bar, 

20 µm. P value that are <0.05 is represented as “*” and P value <0.005 represented as “**” 

on the graph.
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Figure 4. Scd1 and Soat1 activity affects epithelial cell proliferation
(A) Scheme proposing Runx1 mediated pathway to regulate epithelial cell proliferation.

(B) Representatives images of Edu staining (red) to show effect of Runx1 on proliferation of 

keratinocytes. Runx1 is overexpressed after addition of doxycycline to TG cells (TG+Doxy); 

TG cells alone serves as a control (TG-CT).

(C) Quantification of percentage of proliferating cells with or without treatment of chemical 

inhibitors A939572 or TMP-153 to TG and TG+Doxy cells. (n=3, average 500 cells per 

sample were counted). P value that are <0.05 is represented as “*”, P value <0.005 

represented as “**”, and P value <0.0001 represented as “**** ”.
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(D) Representative images of Tamoxifen (TM)-induced Runx1 iKO keratinocytes with or 

without addition of Oleate, after 4 days of plating. (Also see Supplementary Figure 3) (n=2 

different cell lines of represented genotype).

(E) Quantification of number of cells per field of Tamoxifen (TM)-induced Runx1 KO 

keratinocytes with or without addition of Oleate after 4 days of plating. P value that are 

<0.0001 represented as “****”.

(F) Quantification of percentage of proliferating cells (EdU+) with or without treatment of 

chemical inhibitors A939572 or TMP-153 to human SCC cells. Note that co-inhibiting Scd1 

and Soat1 results in a synergistic decrease on Edu+ cell number of SCC 13 and SCC 66 cell 

lines. Significant P value that are <0.05 is represented as “*” on the graph.
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Figure 5. Runx1 levels impact lipid content and membrane organization
(A–C) Data from lipidome analysis of total skin show changes upon Runx1 loss. P value that 

are <0.05 is represented as “*” and P value <0.005 represented as “**”: (A) ratios of Scd1 

products (oleate and palmitoleate) and substrates (stearate and palmitate, respectively) 

change in the polar lipids category. (B) (C) Ratio of products and substrates in cholesterol 

ester (CE) lipid fraction with or without Runx1 loss. (B) Branched chain fatty acid iso 

(i)-16:0, i21, i23 increase significantly in response to Runx1 loss. (C) Oleate (Scd1 product) 

decreases in response to Runx1 loss. (n=3 CT mice and n=5 Runx1 iKO mice were used for 

lipidome analysis).
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(D) Cartoon showing fluid or disordered state of membrane (left) due to unsaturated fatty 

acids versus viscous or ordered state of membrane (right). Laurdan is a membrane-

intercalating fluorescent probe that shifts emission in the phospholipid bilayer of membranes 

from red (490 nm) in the membrane-disordered state to blue (440 nm) in the membrane-

ordered state, as shown in the left cartoon and in the emission spectrum on the right. Fatty 

acid composition of membrane affects membrane organization or fluidity, which can be 

measured as a function of generalized polarization (Gp), using probes such as Laurdan and 

Patman.

(E) Membrane fluidity using Laurdan, which binds to all membrane, indicates decreased Gp 

value in the Runx1 iKO, which translates in more overall membrane fluidity. P value <0.005 

represented as “**”:

(F–G) Membrane fluidity assays using Patman probe, which binds specifically to the plasma 

membrane. Note Runx1 elevation leads to decreased Gp (e.g. more membrane fluidity) and 

Runx1 knockout leads to increased Gp (e.g. less membrane fluidity). P value that are <0.05 

is represented as “*” on the graph.

(H) Membrane fluidity assay using Patman probe indicates that fluidity can be altered by 

feeding cells with Oleate or A939572 but not TMP-153. (n>= 3 for E–G). P value that are 

<0.05 is represented as “*” on the graph.
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Figure 6. Scd1 activity affects Wnt signaling
(A) Strength of Wnt signaling is measured by TOPflash assay, as described (2) upon 

treatment with inhibitors A939572, TMP-153 or Oleate for 16 hours followed by the 

addition of Wnt3a for 24 hours. (n=4 for each represented treatments). Y axis, Luc/Rluc. 

ratio of luciferase (Luc) units over Renilla luciferase (RLuc) in inhibitor-treated groups is 

normalized to vehicle. P value for pairwise comparisons a, b, c is represented on the graph. P 

value <0.0001 represented as “****” and P value that are <0.05 is represented as “*”.

(B) Model: Runx1 modulates levels of Scd1 and Soat1 and its products oleate and 

cholesterol esters to regulate proliferation in part through membrane organization (or 
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fluidity). Scd1 activity and oleate concentration in the plasma membrane phospholipids in 

turn alters Wnt activity resulting in higher responsiveness to signals and enhanced cell 

proliferation.
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Table 1

Table depicting lipid-related genes increased by > 2-fold in response to Runx1 elevation in hair bulge in vivo, 

as shown by microarray analysis of sorted cells

Lipid metabolism Genes > 2 fold change in response to Runx1
Microarray of CD34+/α6+sorted HFSCs

(Doxy PD19-20)
(Lee, S.E. et al., Cell Rep, 2014. 6 (3):p. 499-513)

(1) Fatty Acid Metabolism Slc16a1, Scd1, Scd3, Acox2, Acaa1b, Fa2h, Mgll, Cd36, Scd3, Tmem195, Prkar2b, Crat, Fads6, Far2, Ces1

(2) Cholesterol metabolism Nsdhl, Lpl, Cyp27a1, Soat1, Pparg, Cd36

(3) Prostaglandins Mgll, Pla2g2e, Pparg, Pla2g7, Edn1, Slco2a1, Pdpn, Avpr1a

(4) Phosphoinositides Wipi1, Rasd2, Pitpnm1, Edn1, Plcb4, Snx5, lnpp1

(5) Phosphatidylserine Ptdss2

(6) Phosphocholine Pla2g2e, Lpcat3, Plcb4, Pla2g7
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