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Introduction
Idiopathic pulmonary fibrosis (IPF) is the most prevalent and deadly interstitial lung disease, causing up to 
40,000 deaths each year in the United States (1, 2). Despite major advances in our understanding of  disease 
initiation centered around pathological changes in the alveolar epithelium, IPF remains a major unsolved 
clinical problem with a median survival of  3 to 5 years (3). One reason for this is that currently available 
anti-fibrotic agents slow, but do not arrest, fibrotic progression (3). To arrest fibrotic progression, its obliga-
tory drivers need to be identified. Recently, we made several discoveries studying primary cells and extracel-
lular matrix (ECM) from patients with IPF that provide a path forward toward understanding mechanisms 
that drive fibrosis following disease initiation (4–9). In addition to canonical disease-drivers downstream of  
alveolar epithelial injury, fibrosis progression in IPF involves both cell-autonomous and ECM-driven mech-
anisms. As in cancer, in IPF there is cooperation between autonomous cells and their microenvironment.

Cell-autonomous fibrogenicity was established when we discovered intrinsically fibrogenic MPCs in 
the lungs of  patients with IPF that are one source of  IPF fibroblasts (4, 5, 9). IPF MPCs display a dis-
tinct transcriptome, cause nonresolving interstitial lung fibrosis in a humanized mouse xenograft model 
and are found concentrated in a highly cellular region on the perimeter of  the fibroblastic focus in IPF 
lung tissue. IPF MPCs possess high levels of  S100A4 that support their self-renewal and are required 
for their fibrogenicity. However, the mechanism of  cell-autonomous fibrogenicity remains unclear. To 
gain insight, we performed single-cell RNA-Seq of  IPF and control MPCs. Analysis of  the genome-wide 
transcriptome revealed that the cells segregated on the basis of  disease tag, confirming our bulk RNA-Seq 
studies demonstrating that IPF MPCs have a transcriptome that is distinct from control MPCs (10). As 
an unbiased approach to stratifying the cells, we chose transcriptional network entropy, which serves as 

Idiopathic pulmonary fibrosis (IPF) is a progressive fibrotic lung disease. We previously identified 
fibrogenic mesenchymal progenitor cells (MPCs) in the lungs of patients with IPF who serve as 
drivers of progressive fibrosis. Recent single-cell RNA sequencing work revealed that IPF MPCs 
with the highest transcriptomic network entropy differ the most from control MPCs and that 
increased CD44 was a marker of these IPF MPCs. We hypothesize that IPF MPCs with high CD44 
(CD44hi) expression will display enhanced fibrogenicity. We demonstrate that CD44-expressing 
MPCs are present at the periphery of the IPF fibroblastic focus, placing them in regions of active 
fibrogenesis. In a humanized mouse xenograft model, CD44hi IPF MPCs are more fibrogenic than 
CD44lo IPF MPCs, and knockdown of CD44 diminishes their fibrogenicity. CD44hi IPF MPCs display 
increased expression of pluripotency markers and enhanced self-renewal compared with CD44lo IPF 
MPCs, properties potentiated by IL-8. The mechanism involves the accumulation of CD44 within 
the nucleus, where it associates with the chromatin modulator protein Brahma-related gene 1 (Brg1) 
and the zinc finger E-box binding homeobox 1 (Zeb1) transcription factor. This CD44/Brg1/Zeb1 
nuclear protein complex targets the Sox2 gene, promoting its upregulation and self-renewal. Our 
data implicate CD44 interaction with the epigenetic modulator protein Brg1 in conveying IPF MPCs 
with cell-autonomous fibrogenicity.
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a quantitative measure of  a cell’s differentiated state, with higher entropy indicating a less differentiated 
state (11, 12). Our data revealed heterogeneity among IPF MPCs without discrete subpopulations (10). 
The most highly entropic IPF MPCs displayed the greatest differences in their transcriptional profile com-
pared with control MPCs. These results indicate that IPF MPCs acquire a pathological phenotype early in 
their differentiation and suggest that this distinct transcriptome may underlie their fibrogenic phenotype. 
When examining our data for genes that best distinguished the most highly entropic IPF MPCs, we iden-
tified CD44hi expression (10). Together, these data raise the possibility that IPF MPCs with the highest 
expression of  CD44 may display the most robust fibrogenic phenotype.

To test this, we used FACS to physically separate IPF MPCs with CD44hi expression from those with 
low CD44 expression (CD44lo). Here we show that CD44-expressing MPCs are present at the periphery 
of  IPF fibroblastic foci in human IPF lung tissue, indicating that they are located in regions with active 
fibrogenesis. Utilizing our humanized mouse xenograft model (5), we demonstrate that CD44hi IPF MPCs 
display more robust fibrogenicity in vivo compared with CD44lo IPF MPCs. Furthermore, CD44hi IPF 
MPCs display increased expression of  pluripotency markers and greater self-renewal in vitro. Knockdown 
of  CD44 in CD44hi IPF MPCs reduces their in vitro self-renewal capacity and diminishes their fibroge-
nicity in vivo. CD44hi IPF MPCs display increased expression of  the IL-8 receptor CXCR1 and increased 
expression and secretion of  IL-8 compared with CD44lo IPF MPCs. Exogenous IL-8 markedly increases 
the expression of  Sox2 and potently stimulates CD44hi IPF MPC self-renewal. The mechanism involves an 
IL-8–mediated increase in CD44 expression, nuclear accumulation of  full-length CD44 and the association 
of  CD44 with the chromatin remodeler protein Brahma-related gene 1 (Brg1) (also termed SMARCA4) 
to form a nuclear protein complex that interacts with the Zeb1 transcription factor to induce Sox2 gene 
expression. Taken together, these data indicate that a CD44 interaction with the epigenetic modulator pro-
tein Brg1 conveys IPF MPCs with cell-autonomous fibrogenicity.

Results
CD44-expressing IPF MPCs are present at the periphery of  the fibroblastic focus. Our single cell RNA sequencing 
(scRNA-Seq) data indicate that CD44 is a marker of  highly entropic IPF MPCs (10). Based on this infor-
mation, we first performed IHC double staining of  human IPF lung tissue to examine the distribution 
of  CD44-expressing MPCs (double positive for SSEA4 and CD44). CD44-expressing MPCs were found 
concentrated at the periphery of  the fibroblastic focus, with only a few CD44-expressing cells in the focus 
(myofibroblast) core (Figure 1 and Supplemental Figure 1; supplemental material available online with this 
article; https://doi.org/10.1172/jci.insight.144652DS1). These findings are consistent with our previous 
published results demonstrating SSEA4 + MPCs concentrated on the perimeter of  the fibroblastic focus 
in human IPF lung tissue and are in contrast to our findings that in control lung tissue, SSEA4-expressing 
cells, while being observed in small and large airways and vascular structures, are absent in alveolar walls 
(4, 5). These data place CD44-expressing MPCs in regions previously documented to be loci of  fibrogenesis 
(5–8), consistent with a role for these cells in fibrotic progression.

CD44hi IPF MPCs are more fibrogenic than CD44lo IPF MPCs. Our scRNA-Seq data indicate that IPF MPCs 
with the highest transcriptional network entropy differ the most from control MPCs (10). Since CD44 is a 
marker of  the most highly entropic IPF MPCs, we reasoned that those IPF MPCs with the highest expression 
of  CD44 may be more fibrogenic than IPF MPCs with lower CD44 expression. To test this, we utilized our 
humanized mouse xenograft model (5). In this system, administration of  human IPF MPCs to NSG mice 
pretreated with intratracheal bleomycin results in nonresolving interstitial lung fibrosis. CD44hi or CD44lo 
IPF MPCs were isolated by flow cytometry selecting for SSEA4hi/CD44hi and SSEA4hi/CD44lo cells (Figure 
2A). Verification of  elevated CD44 levels in CD44hi IPF MPCs was performed by quantitative PCR (qPCR) 
and Western blot analysis (Figure 2B). CD44 levels in CD44hi IPF MPCs were elevated 13-fold by qPCR and 
increased 4.5-fold by Western blot analysis compared with CD44lo IPF MPCs. To initiate an experiment, 
NSG mice were first treated with low-dose intratracheal bleomycin. Two weeks later they received CD44hi 
or CD44lo MPCs via the tail vein. Lungs were harvested 4 weeks later. Collagen content was 55% higher in 
the lungs of  mice receiving CD44hi IPF MPCs compared with mice receiving CD44lo IPF MPCs (871 ± 83 
μg/left lung versus 450 ± 61 μg/left lung) (Figure 2C). H & E and trichrome staining demonstrated more 
extensive fibrosis with corresponding collagen deposition in the lungs of  mice receiving CD44hi IPF MPCs 
(Figure 2, D and E) compared with mice receiving CD44lo MPCs (Figure 2, F and G). Of note, we analyzed 
the engraftment of  human CD44hi or CD44lo IPF MPCs in the lungs of  the immune-deficient mice using 

https://doi.org/10.1172/jci.insight.144652
https://insight.jci.org/articles/view/144652#sd
https://doi.org/10.1172/jci.insight.144652DS1


3

R E S E A R C H  A R T I C L E

JCI Insight 2021;6(9):e144652  https://doi.org/10.1172/jci.insight.144652

a real-time PCR method shown to be sensitive for the detection and quantification of  human cells in mice 
(13). Using this method, we found no significant difference in the engraftment of  CD44hi or CD44lo IPF 
MPCs (Supplemental Figure 2). This indicates that both groups received equal numbers of  cells and that the 
difference in fibrosis between the groups resulted from different biological properties of  CD44hi and CD44lo 
cells. In the lungs of  mice receiving CD44hi IPF MPCs, regions with increased collagen deposition con-
tained numerous human cells expressing procollagen (Figure 2H and Supplemental Figure 3). References 
to location of  panels are to be avoided in main text as figure layout is subject to change. “Upper left panel” 
here and all subsequent references to panel location have been deleted.), whereas anatomically uninvolved 
regions were devoid of  collagen deposition and human cells expressing procollagen (Figure 2I), implicating 
the human CD44hi IPF MPCs with fibrosis development. The lungs of  mice receiving CD44lo IPF MPCs dis-
played few human cells expressing procollagen (Figure 2J and Supplemental Figure 3). Interestingly, while 
numerous human cells expressing procollagen were present in the fibrotic regions in the lungs of  mice receiv-
ing CD44hi IPF MPCs, only a few CD44 staining cells were seen in these areas (Figure 2K). A relative pau-
city of  CD44-expressing cells were present in nonfibrotic regions in the lungs of  mice that received CD44hi 
IPF MPCs as well in the lungs of  mice that were administered CD44lo IPF MPCs (Figure 2, L and M). We 
previously found that IPF MPCs lose the progenitor marker SSEA4 as they differentiate to IPF fibroblasts 
over a 4 week time period in vitro (4). Similarly, we found that CD44 expression in CD44hi IPF MPCs also 
declined as a function of  time in vitro (Supplemental Figure 4). Taken together, these data support the con-
cept that during their 4 week residence in the mouse lung, human CD44hi IPF MPCs lose CD44 expression 
as they differentiate into procollagen-expressing fibroblasts. This interpretation is consistent with the IHC 
staining pattern seen in human IPF lung tissue, where SSEA4+/CD44+ MPCs are present at the periphery 
of  the fibroblastic focus; whereas few cells expressing SSEA4 or CD44 are present in the focus core contain-
ing procollagen-expressing myofibroblasts (see Figure 1) (7, 8, 14).

CD44 regulates the fibrogenicity of  CD44hi IPF MPCs. Although our data indicate that CD44hi IPF MPCs 
are more fibrogenic than CD44lo IPF MPCs, it remained unclear whether CD44 is only a marker of  fibro-
genic IPF MPCs or whether CD44 itself  plays a mechanistic role in their fibrogenicity. To examine wheth-
er CD44 regulates CD44hi IPF MPC fibrogenicity, we conducted knockdown experiments. CD44hi IPF 
MPCs were transduced with either CD44 shRNA or scrambled shRNA. CD44 shRNA decreased CD44 
expression 82% compared with scrambled shRNA (Supplemental Figure 5). Transduced cells were tested 
for fibrogenicity in the humanized mouse model. Knockdown of  CD44 reduced CD44hi IPF MPC fibroge-
nicity by 39% (collagen content 326 ± 48 μg/left lung versus 533 ± 32 μg/left lung) (Figure 3A). Consistent 
with this, large fibrotic regions were present in the lungs of  mice receiving CD44hi IPF MPCs transduced 
with scrambled shRNA (Figure 3, B and C). In contrast, sparse regions of  fibrosis with accompanying 
collagen deposition were present in the lungs of  mice receiving MPCs in which CD44 had been knocked 
down (Figure 3, D and E). IHC analysis of  lung tissue from mice receiving CD44hi IPF MPCs transduced 
with scrambled shRNA contained numerous human cells expressing procollagen in fibrotic regions (Figure 
3F), whereas anatomically uninvolved regions were devoid of  human cells expressing procollagen (Figure 
3G). In contrast, IHC analysis demonstrated few human cells expressing procollagen I in the lungs of  mice 
receiving MPCs in which CD44 had been knocked down (Figure 3H). While some CD44-expressing cells 
were present in the fibrotic regions of  control mice (Figure 3I), very few CD44-expressing cells were found 
in nonfibrotic regions of  control mice (Figure 3J) or in the lungs of  CD44 knockdown mice (Figure 3K). 

Figure 1. CD44-expressing IPF MPCs are present at the periphery of the fibroblastic focus. IHC double staining show-
ing SSEA4 positive (brownish-yellow) MPCs in the active fibrotic front expressing CD44 (red). Asterisk denotes focus 
(myofibroblast) core. Scale bar: 100 μm.
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Figure 2. CD44hi IPF MPCs are more fibrogenic than CD44lo IPF MPCs. (A–E) NSG mice were treated with IT bleomycin. Two weeks later, mice received either 
CD44hi or CD44lo IPF MPCs (IPF424); 10 mice/group. Flow cytometry showing isolation of SSEA4hi/CD44hi and SSEA4hi/CD44lo IPF MPCs (A). CD44 levels were 
quantified in CD44hi and CD44lo IPF MPCs by qPCR (B; left panel) and Western blot analysis (B; middle panel) (n = 4 cell lines tested IPF259, IPF309, IPF424, and 
IPF327); densitometry values summarize Western blot data (right panel). Lungs were harvested at week 6. (C) Collagen content was quantified in left lungs by 
Sircol assay (left panel). Ten mice from the above animal experiment (5 mice each from CD44hi and CD44lo groups; IPF 424) were used in this analysis. Semiquanti-
tative analysis of collagen deposition was performed by Trichrome staining (right panel). Three sections from each animal were screened. Three Trichrome stained 
images at low power (5×; scale bar: 500 µm) randomly selected from each section were used for quantification. Blue regions (fibrotic stain) were defined and 
quantified using ImageJ (right panel). (D–M) Serial 4 µm sections of right lung tissue from mice receiving CD44hi IPF MPCs (D–G; scale bar: 200 µm) (H–M; scale bar: 
50 µm). H&E and Trichrome stains assessing fibrosis and collagen deposition, respectively (D–G). IHC using an antibody recognizing human procollagen to identify 
human cells and assess collagen synthesis (H–J) and a CD44 antibody to determine the distribution of CD44 expressing cells (K–M). (H, I, K, and L) IHC for procolla-
gen (H and I) and CD44 (K and L) to assess the distribution of human cells expressing collagen and CD44-expressing cells from fibrotic and nonfibrotic lung regions 
from mice receiving CD44hi IPF MPCs. Data expressed as mean ± SEM. P values were determined by 2-tailed Student’s t test.
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Together, these data indicate that CD44hi IPF MPCs display a robust fibrogenic phenotype and that CD44 
is involved in the mechanism.

CD44hi IPF MPCs display increased expression of  pluripotency markers and greater self-renewal capacity. 
Since CD44 is a marker of  highly entropic IPF MPCs and high entropy indicates a less differentiated 
state, we next examined CD44hi and CD44lo IPF MPCs for expression of  pluripotency markers and 
their ability to self-renew in a colony-forming assay. Consistent with their high entropy, CD44hi IPF 
MPCs displayed higher protein levels of  pluripotency transcription factors Oct3/4 (23% higher), Nanog 
(13% higher), and Sox2 (61% higher) (Figure 4A) as well as greater self-renewal capacity (Figure 4B) 
compared with CD44lo IPF MPCs. Knockdown of  CD44 reduced the expression of  Oct3/4, Nanog, 
and Sox2 (Figure 4C) and decreased colony formation (Figure 4D), indicating that CD44 plays a role in 
regulating the progenitor status of  CD44hi IPF MPCs and their ability to self-renew.

The CXCR1/IL-8 axis regulates CD44hi IPF MPC self-renewal. We previously reported that compared with 
control MPCs, IPF MPCs display increased steady state levels of  IL-8 and its cognate receptor CXCR1 
and secrete more IL-8 (9). IL-8 functions in an autocrine manner promoting IPF MPC self-renewal. Since 
CD44hi IPF MPCs display greater self-renewal capacity compared with CD44lo IPF MPCs, we next exam-
ined CD44hi and CD44lo IPF MPCs for CXCR1 and CXCR2 expression as well as IL-8 expression and 
secretion. CD44hi IPF MPCs displayed an approximately 3-fold–increased protein expression of  CXCR1 
compared with CD44lo IPF MPCs (Figure 5A). CXCR2 protein levels were expressed below the limit of  
detection in both CD44hi and CD44lo IPF MPCs. CD44hi IPF MPCs expressed and released more IL-8 
compared with CD44lo IPF MPCs (Figure 5B; left and right panels, respectively). Furthermore, CXCR1 
expression was modestly increased (38%) in CD44hi IPF MPCs treated with IL-8 (Figure 5C). Together, 
these data suggest that the highly entropic CD44hi IPF MPCs with increased CXCR1 levels are primed to 
respond to IL-8 in the fibrogenic niche at the periphery of  the fibroblastic focus where they self-renew.

IL-8 promotes cancer stem cell self-renewal, and we found that IL-8 also stimulates IPF MPC self-re-
newal (9, 15). Since CD44hi IPF MPCs express and secrete greater amounts of  IL-8 and express higher 
levels of  CXCR1 compared with CD44lo IPF MPCs, we next examined the effect of  exogenous IL-8 on 
the self-renewal of  CD44hi and lo IPF MPCs. Exogenous IL-8 increased the self-renewal of  CD44hi IPF 
MPCs in a dose-dependent fashion, with a maximum effect at 5 ng/mL of  IL-8 (Figure 5D). We next 
compared the effect of  IL-8 on pluripotency marker expression and the self-renewal of  CD44hi and lo IPF 
MPCs. IL-8 increased the protein expression of  Sox2 (56% increase), Nanog (45% increase), and Oct3/4 
(15% increase) in CD44hi IPF MPCs with the greatest effect on Sox2 expression. IL-8 had no appreciable 
effect on Nanog expression and modest effects on Sox2 and Oct3/4 expression in CD44lo IPF MPCs (Fig-
ure 5E). In accord with this result, IL-8 stimulated the self-renewal capacity of  CD44hi IPF MPCs but had 
only a minimal effect on the self-renewal of  CD44lo IPF MPCs (Figure 5F, left and right panels). We next 
examined the effect of  the CXCR1/2 inhibitor Reparixin on the IL-8–mediated increase in Oct4, Sox2, and 
Nanog expression and self-renewal of  CD44hi IPF MPCs. Inhibition of  CXCR1/2 function with Reparixin 
attenuated the IL-8–mediated increase in Oct3/4 expression and completely abrogated the IL-8–mediated 
increase in Sox2 expression (Figure 5G). No appreciable effect was seen on Nanog expression. Importantly, 
Reparixin decreased the IL-8–mediated increase in CD44hi IPF MPC self-renewal (Figure 5G). Because 
IL-8 had the most robust effect on Sox2 gene expression, for the remainder of  the experiments we focused 
on elucidating the mechanism by which IL-8 increases Sox2 gene expression in CD44hi IPF MPCs.

IL-8 increases CD44 expression and nuclear accumulation. Our in vitro and in vivo studies indicate that 
CD44 plays a mechanistic role in the expression of  pluripotency markers, self-renewal, and fibrogenicity 
of  CD44hi IPF MPCs. Since IL-8 potently stimulates CD44hi IPF MPC self-renewal and expression of  
Sox2, we next examined the role of  CD44 in these processes. We first examined the effect of  IL-8 on CD44 
expression in CD44hi IPF MPCs. Interestingly, IL-8 further increased the mRNA and protein expression of  
CD44 in CD44hi IPF MPCs (Figure 6A), but exerted only a modest effect on CD44 expression in CD44lo 
IPF MPCs. Prior studies indicate that full-length CD44 can transit to the nucleus where it plays a role 
in cancer stem cell colony formation (16–19). Therefore, we next examined the effect of  IL-8 on CD44 
levels in nuclear and cytoplasmic fractions of  CD44hi IPF MPCs. Compared with control, IL-8 markedly 
increased full-length CD44 nuclear protein levels (83% increase) (Figure 6B).

Inhibition of  CD44 nuclear accumulation blocks IL-8–mediated self-renewal. To examine the role of  nuclear 
CD44 on IPF MPC self-renewal in response to IL-8, we employed a CD44 mutant construct in which the 
nuclear localization sequence (NLS) 292RRRCGQKKK300 had been mutated. Prior studies have shown that 
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when the mutant CD44 NLS construct (292AAACGQAAA300) becomes engaged, it is internalized into the 
cytoplasm, but fails to enter the nucleus (16). Consistent with this, CD44 nuclear levels did not increase in 
CD44hi IPF MPCs transduced with the mutant construct and stimulated with IL-8 (Figure 7A). However, 
high levels of  CD44 were observed in membrane fractions of  cells transduced with the mutant construct.  

Figure 3. CD44 regulates the fibrogenicity of CD44hi IPF MPCs. NSG mice were treated with IT bleomycin (1.25 U/kg). 
Two weeks later, the mice received IPF MPCs (IPF424) transduced with either CD44 shRNA or scrambled shRNA via tail 
vein injection (106 cells/100 μL); 10 mice/group. Lungs were harvested 4 weeks after cell administration. (A) Collagen 
content was quantified in left lungs by Sircol assay. (B–K) Serial 4 μm sections of right lung tissue from mice receiving 
CD44hi IPF MPCs transduced with scrambled-shRNA or CD44-shRNA (B–E scale bar: 500 μm; F, G, I, and J scale bar: 50 
μm; H and K scale bar: 20 μm). Representative H&E and Trichrome stains assessing fibrosis and collagen deposition, 
respectively (B–E). IHC using an antibody-recognizing human procollagen to identify human cells and assess collagen 
synthesis (F–H) and a CD44 antibody to determine the distribution of CD44-expressing cells (I–K). (F, G, I, and J) IHC 
for human procollagen (F and G) and CD44 (I and J) to assess the distribution of human cells expressing collagen and 
CD44-expressing cells from fibrotic and nonfibrotic lung regions from mice receiving CD44hi IPF MPCs transduced with 
scrambled shRNA. Data are expressed as mean ± SEM. P values in A were determined by 2-tailed t test.
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In contrast, large amounts of  full-length CD44 accumulated in the nucleus of  cells transduced with WT 
CD44 and treated with IL-8 (42% higher in IL-8–treated cells compared with control) (Figure 7A). We 
therefore examined Sox2 expression in IL-8–treated CD44hi IPF MPCs transduced with the mutant CD44 
construct, WT CD44, or empty vector. Sox2 expression was below the limits of  detection in cells trans-
duced with the CD44 mutant construct (Figure 7A). However, in response to IL-8 treatment, Sox2 levels 
increased 66% in cells transduced with WT CD44 compared with cells treated with vehicle control. In 
contrast, there was no significant difference in Sox2 levels in cells transduced with empty vector and treated 
with IL-8 compared with control. Consistent with these results, CD44hi IPF MPC self-renewal in response 

Figure 4. CD44hi IPF MPCs 
display increased expression 
of pluripotency markers and 
greater self-renewal capacity. 
(A) Oct3/4, Nanog, and Sox2 
expression was quantified in 
nuclear fractions of CD44hi and lo 
IPF MPCs by qPCR (left panel) 
and Western Blot analysis 
(middle panel). Densitometry 
values summarizing Western 
blot data in right panel B. 
Self-renewal was quantified 
in an anchorage-independent 
colony-forming assay. (C and 
D) CD44 was knocked down 
in CD44hi IPF MPCs using 
CD44 shRNA (CD44-shRNA). 
Scrambled shRNA (Scr-shR-
NA) served as control. Oct3/4, 
Nanog, and Sox2 expression 
were quantified by qPCR 
(left panel) and Western 
Blot analysis (middle panel). 
Densitometry values summa-
rizing Western blot data in 
right panel C. Self-renewal was 
assessed in the colony-forming 
assay (D). For C and D, IPF 422 
and IPF424 were used. All data 
are shown as mean ± SEM; n ≥ 
3 independent experiments for 
each condition or group except 
the Western blot is from a sin-
gle experiment representative 
of 2 independently conducted 
replicates. Data are expressed 
as mean ± SEM. P values were 
determined by 2-tailed Stu-
dent’s t test.
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Figure 5. The CXCR1/IL-8 axis regulates CD44hi IPF MPC self-renewal. (A) CXCR1/2 expression was quantified in CD44hi and CD44lo IPF MPCs by qPCR 
(left panels) and Western blot analysis (right middle panel; densitometry values right panel). n = 2 cell lines tested (IPF 422 and 424). (B) IL-8 expres-
sion was quantified by qPCR (left panel). IL-8 secretion was quantified by ELISA (right panel). n =3 cell lines tested (IPF 422, 424, and 442). (C) CD44hi 
IPF MPCs (IPF 422, 424, and 442) were treated with recombinant IL-8 or control (Con). CXCR1 expression was quantified by Western blot analysis (den-
sitometry values right panel). (D) CD44hi IPF MPCs (IPF 422, 424, and 442) incorporated into methylcellulose gels were treated with IL-8. Colony number 
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to IL-8 was blunted in cells expressing the mutant construct compared with cells expressing empty vector 
(Figure 7B). Of  note, IL-8 increased CD44hi IPF MPC self-renewal in cells expressing the CD44 WT con-
struct compared with empty vector.

To confirm these results we performed companion studies in which CD44 was knocked down in 
CD44hi IPF MPCs using CD44 shRNA. Knockdown of  CD44 markedly decreased Sox2 expression (73% 
decrease) in response to IL-8 compared with cells transduced with scrambled shRNA (Figure 7C) and 
decreased CD44hi IPF MPC self-renewal (Figure 7D). Together, these studies establish a role for nuclear 
CD44 in regulating Sox2 expression and CD44hi IPF MPC self-renewal induced by IL-8.

IL-8 promotes the formation of  a nuclear CD44/Brg1/Zeb1 protein complex that regulates CD44hi IPF MPC 
self-renewal. To elucidate the mechanism by which nuclear CD44 regulates IL-8–mediated CD44hi IPF 
MPC self-renewal, we subjected the nuclear CD44 interactome to proteomic analysis. We treated CD44hi 
IPF MPCs with IL-8 and immunoprecipitated nuclear CD44. The proteomic analysis revealed that nuclear 
CD44 is in a protein complex with Brg1 (Supplemental Table 1). Brg1 is an ATPase subunit within the 
Switch/Sucrose Nonfermentable (SWI/SNF) chromatin-remodeling complex functioning as an epigenetic 
modulator protein (20–23). To confirm the mass spectroscopy results, CD44hi IPF MPCs were treated with 
IL-8. CD44 was immunoprecipitated from nuclear fractions and Western blot analysis for Brg1 was per-
formed. Consistent with our findings that IL-8 increases nuclear CD44 levels, we found that compared with 
control, IL-8 also promoted the interaction of  nuclear CD44 with Brg1 (Figure 8A). To analyze the role of  
Brg1 in the process, we performed a Brg1 loss of  function experiment. Knockdown of  Brg1 inhibited IL-8–
mediated Sox2 expression (Figure 8B) and CD44hi IPF MPC self-renewal (Figure 8B). These data support 
the concept that IL-8 promotes the formation of  a CD44/Brg1 nuclear protein complex that mediates the 
IL-8 induced increases in Sox2 expression and CD44hi IPF MPC self-renewal.

SWI/SNF complexes containing Brg1 are typically recruited to genomic sites via their interaction with 
other proteins including sequence specific zinc finger transcription factors (20). Since our data indicate that 
the CD44/Brg1 nuclear protein complex regulates Sox2 expression, this suggests that the CD44/Brg1 com-
plex may require interaction with specific transcription factor(s) in order to regulate Sox2 expression. Our 
proteomics analysis also identified Zeb1 as a candidate component of  the nuclear CD44 interactome and a 
prior study determined that Brg1 can associate with the Zeb1 transcription factor (24) (Supplemental Table 
1). Based on this information, we first examined the effect of  IL-8 on Zeb1 expression in CD44hi IPF MPCs. 
IL-8 increased Zeb1 expression 90% compared with vehicle control (Figure 8C). To determine whether Zeb1 
forms a protein complex with CD44/Brg1 in response to IL-8, we immunoprecipitated nuclear CD44 and per-
formed Western blot analysis for Zeb1. IL-8 treatment promoted the interaction of  Zeb1 with nuclear CD44 
(Figure 8D). Based on these results, we further examined whether Zeb1 regulates the increase in Sox2 expres-
sion in CD44hi IPF MPCs in response to IL-8. Knockdown of Zeb1 inhibited the IL-8–mediated increase in 
Sox2 expression (Figure 8E). We next examined whether Zeb1 knockdown was required for IL-8–mediated 
IPF MPC self-renewal. Knockdown of Zeb1 inhibited the IL-8–mediated increase in colony formation (Fig-
ure 8F). We next sought to determine if  the CD44/Brg1 complex containing Zeb1 directly targets the Sox2 
gene by ChIP analysis. CD44hi IPF MPCs were treated with IL-8, Zeb1 was immunoprecipitated and PCR 
for Sox2 was performed. ChIP analysis indicated that Zeb1 directly interacts with the Sox2 promoter (Figure 
8G). Taken together, our data indicate that in response to IL-8, a nuclear CD44/Brg1/Zeb1 complex forms 
that directly targets the Sox2 gene increasing its expression and promoting CD44hi IPF MPC self-renewal.

Discussion
IPF is an unrelenting, progressive fibrotic lung disease. Identification of  the obligatory drivers of  fibrotic 
progression will be required to develop effective treatments that arrest the disease process. We have previ-
ously identified IPF MPCs in the lungs of  patients with IPF that serve as a source for IPF fibroblasts (4). 

quantified. (E) CD44hi and CD44lo IPF MPCs (IPF 422 and 424) were treated with IL-8. Oct3/4, Nanog, and Sox2 expression was quantified by qPCR (left 
panel) and Western blot analysis (right 2 panels; densitometry values below Western blots). (F) CD44hi and CD44lo IPF MPCs (IPF 422, 424, and 442) 
incorporated into methylcellulose gels were treated with IL-8. Shown is colony-forming assay. (G) CD44hi IPF MPCs (IPF 422, 424, and 442) were treated 
with IL-8 in the presence of the IL-8 receptor inhibitor Reparixin (IL-8 + R) or vehicle (IL-8 + DMSO). Cells not treated with IL-8 served as a control (Con). 
Sox2, Nanog, and Oct3/4 levels were quantified by Western blot analysis (left panels, densitometry values left middle panel). Colony-forming assay 
(right panels). n ≥ 3 independent experiments for each experimental condition except E, where n = 2 independent experiments were performed, and 
Western blot, which is from a single experiment representative of 3 independently conducted replicates. Data are expressed as mean ± SEM. P values 
determined by 2-tailed Student’s t test, except in G, where P values were determined by 1-way ANOVA.
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These cells express the progenitor marker SSEA4, are found concentrated on the periphery of  fibroblastic 
foci in human IPF lung tissue, and display cell-autonomous fibrogenicity, producing nonresolving interstitial 
lung disease in a humanized mouse xenograft model (5). Our recent analysis of  IPF MPCs by single-cell 
RNA-Seq demonstrated heterogeneity within the IPF MPC population (10). Among the entire population 
of  IPF lung MPCs, the least differentiated cells (highest transcriptional network entropy) were those that 
displayed the greatest differences in their transcriptome compared with lung MPCs from patient controls. 
These data indicate that IPF MPCs acquire a cell-autonomous pathological phenotype early in their differ-
entiation trajectory. Importantly, we identified CD44 as a marker of  these high entropy MPCs, suggesting 
that IPF MPCs with CD44hi expression may display enhanced fibrogenicity. Here we show that CD44hi IPF 
MPCs display greater self-renewal capacity and are more fibrogenic than CD44lo IPF MPCs in humanized 
mice. The increased proliferative capacity of  CD44hi IPF MPCs compared with CD44lo IPF MPCs is likely 
responsible for the increased numbers of  CD44hi IPF MPCs present in the lungs of  mice receiving these 
cells as demonstrated in the adoptive transfer mouse model. Knockdown of  CD44 diminished their fibroge-
nicity indicating that CD44 plays a mechanistic role in their fibrogenic phenotype. We have found that the 
increased expression of  stemness markers and greater self-renewal capacity of  CD44hi IPF MPCs compared 
with CD44lo IPF MPCs is potentiated by IL-8. CD44hi IPF MPCs express higher levels of  the IL-8 receptor 
CXCR1 and secrete more IL-8 compared with CD44lo IPF MPCs. IL-8 promotes the accumulation of  CD44 
in the nucleus where it forms a protein complex with Brg1 and the Zeb1 transcription factor. This complex 
directly increases the expression of  several stem cell markers including Sox2 and Oct3/4. Importantly, IHC 
analysis of  IPF lung tissue revealed that CD44-expressing MPCs are concentrated at the periphery of  the 

Figure 6. IL-8 increases CD44 expression and nuclear accumulation. (A) CD44hi and lo IPF MPCs were treated with recombinant IL-8 (5 ng/mL). CD44 mRNA 
(left panel) and protein (middle panel) expression were quantified by qPCR and Western blot analysis, respectively. Densitometry values summarizing 
Western blot data in right panel. GAPDH served as loading control. (B) CD44hi IPF MPCs were treated with recombinant IL-8 (5 ng/mL). CD44 protein levels 
were quantified in nuclear (N) and cytoplasmic (C) fractions by Western blot analysis. Lamin (nuclear) and GAPDH (cytoplasmic) served as loading controls. 
Densitometry values summarizing Western blot data shown in right graphs. IPF 422, IPF424, and IPF 442 were used in these figures. Data are expressed 
as mean ± SEM. n ≥ 3 independent experiments for each experimental condition or group except the Western blot is from a single experiment representa-
tive of 3 independent replicates. Data are expressed as mean ± SEM. P value in A was determined by 2-tailed Student’s t test.
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Figure 7. Inhibition of CD44 nuclear accumulation inhibits IL-8–mediated self-renewal. (A) CD44hi IPF MPCs transduced with CD44 mutant NLS con-
struct (Mu), WT CD44, or empty vector (EV) were treated with recombinant IL-8 (5 ng/mL) or vehicle control (Con). Sox2 protein expression and nuclear 
(N), membrane (M), and cytoplasmic (C) CD44 levels were quantified by Western Blot analysis (left panel). Lamin, Cadherin, and GAPDH served as 
loading controls for N, M, and C fractions, respectively. Densitometry values summarizing Western blot data in right panels. (B) CD44hi IPF MPCs trans-
duced with CD44 Mu, WT CD44, or EV were incorporated into methylcellulose gels and treated with IL-8 (5 ng/mL) or vehicle control (Con). Self-renewal 
was assessed in the colony-forming assay. (C and D) CD44 was knocked down in CD44hi IPF MPCs using CD44 shRNA (CD44-shRNA). Scrambled shRNA 
(Scr-shRNA) served as control. Cells were treated with recombinant IL-8 (5 ng/mL) or Con. Shown are Sox2 expression quantified by qPCR (left panel) 
and Western Blot analysis (right panels). Densitometry values summarizing Western blot data in graph below (C). Self-renewal was assessed using the 
colony-forming assay (D). For C and D, IPF 422, IPF424, and IPF 442 were used in these figures. Data are expressed as mean ± SEM. n ≥ 3 independent 
experiments for each experimental condition or group except the Western blot is from a single experiment representative of 3 independent replicates. 
Data are expressed as mean ± SEM. P values were determined by 2-tailed Student’s t test.
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fibroblastic focus, placing these cells in regions of  active fibrogenesis. Our data identify CD44 at the apex of  
a pathway conferring IPF MPCs with robust fibrogenicity.

The cell surface receptor CD44 is an important regulator of  stem cell self-renewal (18). Not only do 
normal stem cells express high levels of  CD44, but CD44 is also highly expressed by cancer cells and 
serves as a cell surface marker facilitating their isolation (25–27). Similarly, our single-cell sequencing study 
showed that CD44 was a marker of  the least-differentiated IPF MPCs as assessed by transcriptional entro-
py. In addition to serving as a marker of  transcriptional entropy in fibrogenic MPCs, our data indicate 
that CD44 plays an important role in conferring these cells with fibrogenicity. In accord with this, genes 
correlated with CD44 expression are related to fibrotic functions (Supplemental Table 2). Toward the top 
of  the list is PTEN, an inhibitor of  the PI3K/Akt pathway that we have previously shown to be important 
in regulating IPF fibroblast proliferation and survival (28–30). Interestingly, SUMO2 is also included in the 
list. SUMO molecules are important in promoting sumoylation of  S100A4 and its nuclear localization. We 
have previously shown that S100A4 is a key regulator of  IPF MPC self-renewal (5). Of  potential relevance 
to the current study identifying CD44/Brg1 nuclear complex in regulating IPF MPC self-renewal, several 
RNA splicing factors (e.g., SRSF6 & SRSF3) which have been identified as target genes for Brg1 are includ-
ed in the list of  top 20 genes correlated with CD44 expression. Our data indicate that these cells have high 
levels of  full-length CD44 within their nucleus. Prior studies have demonstrated that when the CD44 recep-
tor is ligated, full-length CD44 is internalized and transported to the nucleus where it regulates cellular 
functions (16–19). We discovered that IL-8 promotes full-length CD44 nuclear accumulation, a process not 
previously described. Of  note, studies indicate that both full-length CD44 and an intracellular cytoplasmic 
domain (ICD) fragment of  CD44 can transit to the nucleus where it participates in nuclear signaling events. 
While studies indicate that proteolysis of  the CD44 extracellular domain leads to the release and internal-
ization of  CD44 ICD (31, 32), the mechanism by which full-length CD44 is internalized remains unclear. 
The primary isoform of  CD44 found in the nucleus of  IPF MPCs treated with IL-8 was full-length CD44. 
Likewise, we found that large amounts of  full-length CD44 accumulated in the nucleus of  IPF MPCs 
transduced with WT CD44 and our data indicate that full-length CD44 associates with Brg1 in response to 
IL-8 treatment. Together, these data support the concept that a CD44/Brg1 complex participates in nuclear 
signaling events in IPF MPCs stimulated with IL-8.

A prior study examining breast cancer stem cells demonstrated that these cells express high levels of  the 
IL-8 receptor CXCR1 and that IL-8 promotes cancer stem cell self-renewal. Similar to cancer stem cells, we 
found that CD44hi IPF MPCs also express high levels of  CXCR1 and show that IL-8 increases the expression 
of  stemness markers Sox2 and Oct3/4 and promotes their self-renewal. We would like to emphasize that 
while IL-8 promoted CD44 nuclear accumulation in IPF MPCs and is an important exogenous cue in the 
IPF fibrogenic niche (9), other exogenous cues are also likely to regulate IPF MPC function. For example, the 
CD44-activating antibody Hermes 3 promotes CD44 nuclear translocation, suggesting that exogenous cog-
nate ligands such as hyaluronan binding to the CD44 receptor may promote CD44 nuclear accumulation. We 
view IL-8 as likely being one of  many exogenous ligands that promote CD44 nuclear translocation and there-
fore the focus of  this study was not on IL-8 per se, but on the role of  nuclear CD44 in regulating IPF MPC 
fibrogenicity. Importantly, we demonstrated that nuclear CD44 plays a key role in these processes. CD44 con-
tains a nuclear localization sequence that facilitates its entry into the nucleus (16, 17). Using a CD44 mutant 
construct in which we mutated the CD44 NLS sequence, we demonstrate that the IL-8–mediated accumula-
tion of  CD44 in the nucleus is inhibited and the increase in stemness marker expression and cell renewal are 
diminished. In contrast, IPF MPCs transduced with WT CD44 contained abundant nuclear full-length CD44 
and displayed increased self-renewal capacity. Of note, it has been demonstrated that CD44 nuclear import 
is dependent upon its interaction with transportin1 and while mutation of  the CD44 nuclear localization 
sequence impairs CD44 nuclear import, the CD44 NLS mutant is still capable of  binding transportin1 (16). 
On the basis of  this knowledge, we suspect that the ability of  the CD44 NLS mutant to inhibit CD44 nuclear 
accumulation, including endogenous CD44 entry into the nucleus in response to IL-8, is due to the ability of  
the mutant construct to sequester transportin1 in the cytoplasm. In this regard, a prior publication has demon-
strated that the CD44 NLS mutant is capable of  sequestering certain transcription factors in the cytoplasm, 
preventing their entry into the nucleus (17). Together, these data suggest that within the fibrogenic niche of  the 
IPF lung, these highly entropic CXCR1 expressing CD44hi IPF MPCs are primed to undergo self-renewal in 
response to IL-8. In this regard, in a prior study, we found IPF MPCs at the periphery of  the fibroblastic focus 
co-distributing with activated macrophages, a potential source of  cytokines. This raises the possibility that 
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Figure 8. IL-8 promotes the formation of a nuclear CD44/BRG1/Zeb1 protein complex that regulates CD44hi IPF MPC self-renewal. (A) CD44hi IPF MPCs 
were treated with IL-8 or vehicle (Con). Nuclear CD44 was immunoprecipitated, and Western blot analysis for CD44 and BRG1 was performed. Immunopre-
cipitation using isotype antibody served as control. Densitometry values below Western blot. (B) BRG1 was knocked down in CD44hi IPF MPCs using BRG1 
shRNA (BRG1-shRNA). Scrambled shRNA (Scr-shRNA) served as control. Cells were treated with IL-8 or vehicle (Con). Sox2 expression was quantified by 
Western blot analysis (left panel). Densitometry values in graph below. Self-renewal was quantified using the colony-forming assay (right panels). (C) 
CD44hi IPF MPCs were treated with IL-8 or vehicle (Con). Zeb1 protein levels were quantified by Western blot analysis. Densitometry values in graph below. 
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macrophage cross-talk with MPCs may augment their fibrogenic function (9). Under this scenario, residence 
in the fibrogenic niche could promote expansion of  the fibrogenic CD44hi IPF MPC population and serve to 
drive progression of  fibrosis. Thus, as in cancer progression, a strategy targeting cell-cell and cell-ECM inter-
actions may be necessary to effectively halt IPF fibrotic progression.

To begin to elucidate the mechanism by which nuclear CD44 regulates the expression of  stemness 
markers and self-renewal, we performed an unbiased proteomic analysis of  nuclear CD44 immunoprecip-
itated from CD44hi IPF MPCs treated with IL-8 to define the nuclear CD44 interactome. The proteomic 
analysis revealed that CD44 forms a protein complex with Brg1 (also termed SMARCA4) within the 
nucleus, a finding confirmed by immunoprecipitation studies. We further demonstrate that IL-8 increas-
es the formation of  CD44/Brg1 nuclear complexes. Brg1 is an ATPase subunit within the SWI/SNF 
chromatin-remodeling complex (20–23). Brg1/SWI/SNF complexes are typically recruited to genomic 
sites via their interaction with other proteins including sequence-specific zinc finger transcription factors 
(20). Once recruited to a genomic site, Brg1 regulates gene expression using the energy derived from 
ATP hydrolysis to disrupt histone-DNA interactions (33). Recent work indicates that Brg1 (SMARCA4) 
regulates higher-order chromatin structure and may regulate gene expression by altering local chromatin 
accessibility around target gene sites (34). Importantly, Brg1 binding is concentrated at topologically-asso-
ciating domains (TADs), where specific long-range chromatin looping interactions occur. This interaction 
of  Brg1 at TAD sites is thought to regulate chromatin structures, thereby affecting the function of  specific 
transcription factors by altering transcription factor recruitment and promoter occupancy (35). Interest-
ingly, while initially thought to lack DNA specificity, recent evidence suggests that Brg1 has DNA-binding 
activity with specificity for AT-rich elements (36). Under physiologic conditions, Brg1 regulates a variety 
of  cellular processes including stem/progenitor cell self-renewal and the response to hypoxia (22, 23). 
Importantly, abnormalities in Brg1 have been linked to disease pathogenesis. Brg1 plays a dual role in can-
cer. It is mutated in approximately 20% of  cancers where its silencing supports cancer initiation (37, 38), 
and high levels of  Brg1 are associated with cancer progression (39–41). Consistent with its ability to mod-
ify chromatin structure, Brg1 is a key epigenetic regulator of  cancer cells (41–43). Of  potential relevance 
to the lung fibrosis in IPF, Brg1 expression is increased in human liver fibrosis and experimental models of  
liver fibrosis. Elevated expression of  Brg1 promotes liver fibrosis by a mechanism involving activation of  
hepatic stellate cells — a precursor cell that gives rise to myofibroblasts in liver fibrosis (44).

Taken together, these data raise the possibility that the CD44/Brg1 nuclear complex functions by generating 
epigenetic alterations in the chromatin structure of IPF MPCs, thereby affecting the function of specific tran-
scription factors that underlie their heightened fibrogenicity in response to key external cues such as cytokine 
exposure. In support of this hypothesis, we demonstrate that CD44 and Brg1 are required for the IL-8–mediated 
increase in stemness marker expression and CD44hi IPF MPC self-renewal. Since the CD44/Brg1 complex 
promotes stemness marker expression, and Brg1 associates with specific transcription factors that facilitate Brg1 
DNA targeting, we sought to determine whether the CD44/Brg1 nuclear complex interacts with specific tran-
scription factors that regulate the expression of stemness markers. Our proteomic analysis to elucidate the nucle-
ar CD44 interactome identified Zeb1 as a candidate transcription factor that may interact with the CD44/Brg1 
complex and regulate progenitor transcription factor expression. This is consistent with a previous study demon-
strating Brg1 association with Zeb1 transcription factor (22). Furthermore, Zeb1 has been shown to be a crucial 
regulator for acquisition of EMT-like and stemness phenotypes in cancer cells, with the mechanism featuring 
a self-enforcing CD44s/Zeb1 feedback loop (24, 45–47). Here we demonstrate that IL-8 greatly increased the 
expression of Zeb1 in CD44hi IPF MPCs. Immunoprecipitation studies indicated that the interaction of Zeb1 
with nuclear CD44 was enhanced by IL-8. Follow-on ChIP-PCR studies showed that Zeb1 directly associates 
with the Sox2 promoter in response to IL-8. Consistent with this, Zeb1 knockdown functional studies showed 
that Zeb1 is required for Sox2 expression and CD44hi IPF MPC colony formation in response to IL-8.

(D) CD44hi IPF MPCs were treated with IL-8 or vehicle (Con). Nuclear CD44 was immunoprecipitated, and Western blot analysis for Zeb1 was performed. 
Immunoprecipitation using isotype antibody served as control. Densitometry values in graph below. (E and F) Zeb1 was knocked down in CD44hi IPF MPCs 
using Zeb1 shRNA. Scrambled shRNA (Scr-shRNA) served as control. The cells were treated with IL-8 or vehicle (Con). Zeb1 and Sox2 expression were 
quantified by Western blot analysis (densitometry values in graph below) (E), and self-renewal was quantified using the colony-forming assay (F). (G) 
CD44hi IPF MPCs were treated with IL-8 or vehicle (Con). Zeb1 was immunoprecipitated from nuclear fractions, and qPCR for Sox2 was performed. Immu-
noprecipitation using isotype antibody (IgG) served as control. IPF 422, 424, and 442 were used in these figures. Data are expressed as mean ± SEM. n ≥ 
3 independent experiments for each experimental condition, except the Western blot, which is from a single experiment representative of 3 independent 
replicates. Data are expressed as mean ± SEM. P values were determined by 2-tailed Student’s t test.
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While our studies demonstrate a role for the CD44/Brg1/Zeb1 complex in regulating Sox2, prior stud-
ies have shown that Brg1 can interact with a variety of  transcription factors including the repressor element 
1-silencing transcription factor (REST) and Sp1 (24, 48, 49). This raises the possibility that the mechanism 
by which the CD44/Brg1 nuclear complex regulates IPF MPC self-renewal may involve interactions with 
other transcription factors in addition to Zeb1, a focus of  ongoing work in our laboratory. Furthermore, 
it is important to note that we focused on the Sox2 as an exemplar progenitor-transcription factor whose 
expression was most responsive to IL-8 treatment in CD44hi IPF MPCs. However, in addition to binding 
the Sox2 promoter, the Zeb1 transcriptional program includes the Oct3/4 promoter, a stemness factor 
whose expression was also increased in CD44hi IPF MPCs by IL-8 (50).

In summary, this work identifies a CD44-initiated transcriptional program involving Brg1 and Zeb1 
that conveys IPF MPCs with cell-autonomous fibrogenicity and heightened sensitivity to IL-8 in IPF.

Methods
Primary mesenchymal cell lines. Six primary lung mesenchymal cell lines were established from 6 individual 
patients fulfilling diagnostic criteria for IPF including a pathological diagnosis of  usual interstitial pneu-
monia (51). Cell lines were derived from lungs, characterized as mesenchymal cells, and cultivated as pre-
viously described (4, 5).

Isolation of  mesenchymal progenitor cells. For isolation of  CD44hi and lo IPF MPCs, primary IPF mesenchy-
mal cells were labeled with mouse anti-human SSEA4 antibody conjugated to Alexa Fluor 647 (BD Biosci-
ences, clone MC-813-70, catalog 560796) and mouse anti-human CD44 conjugated to FITC (BioLegend, 
clone IM7, catalog 103006). Cells were sorted on a FACS Aria Cell Sorter (BD Biosciences). Cells that were 
SSEA4+ and CD44+ (relative to mouse IgG3 κ isotype control conjugated to Alexa Fluor 647 and mouse 
IgM κ isotype control conjugated to FITC, respectively) (BD Biosciences, clone J606, catalog 560803; Bio-
Legend, catalog 402207) were collected as we previously described (14). For CD44hi IPF MPC isolation, the 
FACS Sorter gate was set to collect SSEA4 positive cells at the top 3% of  CD44 expression and for CD44lo 
IPF MPCs, the collecting gate was set to collect SSEA4 positive cells at the bottom 3% of  CD44 expression. 
To generate sufficient numbers of  MPCs for the in vivo mouse studies, SSEA4+ cells were expanded by cul-
ture in DMEM + 10% FCS for 7 days prior to use. The resulting MPC cultures were reanalyzed for SSEA4 
expression by FAC analysis and for colony formation in vitro. 97% of  day 7 MPCs were SSEA4 positive and 
formed colonies in methylcellulose, indicating retention of  progenitor self-renewal properties.

qPCR. Analysis of  CD44, CXCL8, CXCR1, CXCR2, Sox2, Nanog, OCT4, and Zeb1 gene expression 
was conducted by qPCR as previously described (9). Total RNA was isolated and reverse transcribed using 
a Taqman Reverse Transcriptase Reagent Kit (Roche) and primed with random hexamers. Primer sequenc-
es were selected using NCBI Primer-BLAST. Real-time PCR (qPCR) was performed using a LightCycler 
FastStart DNA Master SYBR Green I Kit (Roche). Primer sequences were as follows: GAPDH forward, 
5′-TGTTGCCATCAATGACCCCTT-3′; GAPDH reverse, 5′-CTCCACGACGTACTCAGCG-3′; CD44 
forward, 5′-GCTACCAGAGACCAAGACACA-3′; CD44 reverse, 5′-GCTCCACCTTCTTGACTCC-3′; 
CXCL8 forward, 5′-CTTGGCAGCCTTCCTGATTT-3′; CXCL8 reverse, 5′-TTCTTTAGCACTCCTTG-
GCAAAA-3′; CXCR1 forward, 5’ TGGGGACTGTCTATGAATCTGT-3’;  CXCR1 reverse, 5’-GCAA-
CACCATCCGCCATTTT-3’;  CXCR2 forward, 5′-CACCGATGTCTACCTGCTGA-3′; CXCR2 reverse, 
5′-CACAGGGTTGAGCCAAAA GT-3′; Sox2 forward, 5′-GGGAAATGGGAGGGGTGAAAA-
GAGG-3’; Sox2 reverse, TTGCGTGAGTGTGGATGGGATTGGTG-3’; Nanog forward, 5′-TGTCTTCT-
GCTGAGATGCCTCACA-3’; Nanog reverse, 5′-CCTTCTGCGTCACACCATTGCTAT-3’; OCT4 
forward, 5′-GACAACAATGAGAACCTTCAGGAG A-3′; OCT4 reverse, 5′ CTGGCGCCGGTTA-
CAGAACCA-3′; Zeb1 forward, 5′-GCCAACAGACCAGACAGTGTT-3’; Zeb1 reverse, 5′-TTTCTTGC-
CCTTCCTTTCTG-3’; Sox2 promoter forward, 5′-GGGGTACCGGGGGGAGTGCTGTGGATGAG-3’; 
and Sox2 promoter reverse, 5′-CCCAAGCTTGCCTGGGGCTCAAACTTCTCT-3’.

Samples were quantified at the log-linear portion of  the curve using LightCycler analysis software 
(Roche) and compared with an external calibration standard curve.

Self-renewal assay. Single-cell suspensions of  CD44hi and lo IPF MPCs were incorporated into methyl-
cellulose gels (Stemcell Technologies) and maintained in MSC SFM CTS (Gibco, Thermo Fisher Scien-
tific) (37°C, 5% CO2; 1 week). Enumeration of  colonies was performed microscopically and the colony 
size was quantified by ImageJ. In some self-renewal assays the cells were treated with the indicated 
concentrations of  recombinant IL-8 (R&D Systems).
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IL-8. IL-8 secretion was quantified in CD44hi and lo IPF MPC conditioned media by ELISA as previously 
described (9).

Mass spectrometry. Nuclear fractions of  IPF MPCs were isolated by NE-PER Nuclear and Cytoplasmic 
Extraction reagents (Thermo Fisher Scientific). CD44 was immunoprecipitated from the resulting nuclear 
lysates using a CD44 antibody (2C5, R&D Systems). Control consisted of  immunoprecipitation using an 
isotype control antibody. The immunoprecipitates were subjected to SDS-PAGE followed by silver staining 
(Pierce Silver Stain Kit, Thermo Fisher Scientific). Bands were excised, destained, and subjected to in-gel 
trypsin digestion. Peptide samples were resuspended in 98:2 water/acetonitrile, 0.1% formic acid and run 
on an Orbitrap Velos (Thermo Fisher Scientific) mass spectrometer. The Thermo RAW files were analyzed 
with PeaksStudio 7.0 build 20140912 (Bioinformatics Solutions) software package for interpretation of  
tandem mass spectrometry and protein inference.

Plasmids/constructs. For loss of  function, CD44, Brg1, and Zeb1 were knocked down using shRNA 
(pGIPZ-CD44, pGIPZ-Brg1, or pGIPZ-Zeb1 shRNA; IDT and UMN Genomics Center). Scrambled shR-
NA served as control. The CD44 nuclear localization sequence mutant was constructed by site-directed 
mutagenesis using WT CD44S isoform cDNA as a template as previously described (17). The putative 
nuclear localization sequence 292RRCGQKKK300 was changed to 292AAACGQAAA300. The mutant con-
structs were verified by DNA-Seq. Cells were transduced using a lentiviral vector containing mutant, WT, 
or empty vector constructs.

Western blot and immunoprecipitation. Western blots were performed as previously described (4–6). For immu-
noprecipitation, nuclear fractions were isolated by NE-PER Nuclear and Cytoplasmic Extraction reagents. The 
samples were centrifuged at 12,000g for 15 minutes at 4°C, and the lysates were precleared for 1 hour at 4°C 
with protein A/G beads and immunoprecipitated for 2 hours at 4°C with the appropriate primary antibody.

ChIP assay. ChIP Assay kit (Ab185913, Abcam) was used. Six × 106 cells were treated with 5 ng 
of  IL-8 or vehicle control. The experiment was conducted following the manufacturer’s instruction. 
ChIP-PCR was performed as delineated above.

IHC of  IPF lung tissue. IHC was performed on 4 μm paraffin-embedded serial-sectioned IPF lung tissue 
and mounted on polylysine-coated slides. The sections were deparaffinized in xylene, rehydrated through a 
graded Methanol series, quenched with 0.3% Hydrogen Peroxide in Methanol, and immersed in a 98°C water 
bath for 30 minutes in Citrate Buffer (pH 6·0) for antigen retrieval. Sections were placed in 5% Normal Horse 
Serum (Jackson ImmunoResearch) to block nonspecific binding of secondary antibodies. A multiplex IHC 
kit was used for antigen detection according to the manufacturer’s instructions (MULTIVIEW IHC Kit ADI-
950.101.000, Enzo Life Sciences). The tissue specimens were incubated overnight (18–20 hours, 4°C) with 
the following primary antibodies: anti-rabbit CD44 monoclonal antibody (1:800) (Spring Bioscience, catalog 
M3370); and anti-human SSEA4 antibody (1:100) (BioLegend, clone MC-813-70, catalog 330402). Specimens 
were cover-slipped with a Prolong Antifade Kit (Invitrogen Molecular Probes, Thermo Fisher Scientific) and 
stored overnight at room temperature without light before image analysis.

Mouse xenograft model of  fibrotic progression. To assess the ability of  CD44hi or CD44lo IPF MPCs to 
drive fibrotic progression in vivo, we utilized our IPF MPC-based mouse model of  fibrotic progression (5). 
NOD/SCID/IL2rγ/B2M (NSG) male and female mice (Jackson Laboratories), average 10 weeks of  age, 
were administered intratracheal bleomycin (1.25 U/kg) to establish self-limited lung fibrosis. Two weeks 
following bleomycin administration, CD44hi or CD44lo IPF MPCs were suspended in PBS (106 cells/100 
μL) and injected via the tail vein following our published protocol (5). Alternatively, to examine the role 
of  CD44 in regulating IPF MPC fibrogenicity, IPF MPCs transduced with CD44 shRNA or scrambled 
shRNA were administered to the mice. Mice were euthanized 4 weeks after adoptive transfer of  human 
cells and the lungs were harvested. Collagen content was quantified in the left lung tissue by Sircol assay 
and served as the primary endpoint (4, 5). Histological (H&E and trichrome staining) and IHC analysis 
were performed on the paraffin-embedded and frozen right lung tissue. Cells positive for human procolla-
gen (anti-human procollagen type I antibody, 1:500; EMD Millipore, catalog MAB1912) were identified 
as human. The presence of  lung fibrotic lesions by histological analysis served as the secondary endpoint. 
IHC using the human procollagen antibody and CD44 antibody was performed to assess the distribution of  
CD44-expressing cells with human procollagen I-expressing cells.

Statistics. Comparisons of  data among experiments were performed using the 2-tailed Student’s t test 
and ordinary 1-way ANOVA as indicated in the figure legend. Data are expressed as mean ± SEM. P < 
0.05 was considered significant.
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Study approval. De-identified patient samples were obtained by our tissue procurement service (Bio-
net) under a waiver of  informed consent from the University of  Minnesota Institutional Review Board 
(University of  Minnesota IRB ID: 1504M68341). Animal protocols were approved and conducted in 
accordance with the University of  Minnesota Institutional Animal Care and Use Committee regula-
tions (approval 1706-34890A).

Data and materials availability. Single-cell RNA-Seq data for IPF and control MPCs deposited in: Bio-
Project repository accession PRJNA641647.

Author contributions
LY and CAH conceived, designed, and directed the studies with input from PBB and DB. LY, CAH, and 
PBB wrote the manuscript with assistance from all the authors. LY established the primary human mes-
enchymal cell lines, cultured MPCs, performed flow cytometry for isolation of  MPCs, performed qPCR, 
performed Western blot analysis, and performed gain- and loss-of-function experiments, mouse studies, 
and IHC. AG and HX assisted with isolation and culture of  MPCs, as well as assisted with mouse studies. 
HX also assisted with IHC analysis. JK performed IHC analysis. KS designed and constructed expression 
constructs and performed flow cytometry for isolation of  MPCs.

Acknowledgments
We would like to acknowledge the assistance of  the Flow Cytometry Core Facility of  the Masonic Cancer 
Center, a comprehensive cancer center designated by the National Cancer Institute, supported in part by 
P30 CA77598, BIONET (the University of  Minnesota Tissue procurement service) and the University of  
Minnesota Imaging Center. We also acknowledge the Center for Mass Spectrometry and Proteomics.

This work was supported by National Institutes of  Health grants R01 HL125227 to CAH; F32 HL145988 
to D.B and R01 HL125236 to PBB and funds provided by the O’Brien and Witowski families.

Address correspondence to: Craig A. Henke, Box 276, University of  Minnesota, 420 Delaware Street SE, 
Minneapolis, Minnesota 55455, USA. Phone: 612.624.0999; Email: henke002@umn.edu.

 1. Noble PW. Idiopathic pulmonary fibrosis: natural history and prognosis. Clin Chest Med. 2006;27(1 Suppl 1):S11–S116.
 2. Raghu G, et al. Incidence and prevalence of  idiopathic pulmonary fibrosis. Am J Respir Crit Care Med. 2006;174(7):810–816.
 3. Raghu G, Selman M. Nintedanib and pirfenidone. New antifibrotic treatments indicated for idiopathic pulmonary fibrosis offer 

hopes and raises questions. Am J Respir Crit Care Med. 2015;191(3):252–254.
 4. Xia H, et al. Identification of  a cell-of-origin for fibroblasts comprising the fibrotic reticulum in idiopathic pulmonary fibrosis. 

Am J Pathol. 2014;184(5):1369–1383.
 5. Xia H, et al. Calcium-binding protein S100A4 confers mesenchymal progenitor cell fibrogenicity in idiopathic pulmonary fibro-

sis. J Clin Invest. 2017;127(7):2586–2597.
 6. Parker MW, et al. Fibrotic extracellular matrix activates a profibrotic positive feedback loop. J Clin Invest. 

2014;124(4):1622–1635.
 7. Herrera J, et al. Dicer1 deficiency in the IPF fibroblastic focus promotes fibrosis by suppressing microRNA biogenesis. Am J 

Resp Crit Care Med. 2018;198(4):486–496.
 8. Herrera J, et al. Registration of  the extracellular matrix components constituting the fibroblastic focus in idiopathic pulmonary 

fibrosis. JCI Insight. 2019;4(1):e125185.
 9. Yang L, et al. IL-8 mediates idiopathic pulmonary fibrosis mesenchymal progenitor cell fibrogenicity. Am J Physiol Lung Cell Mol 

Physiol. 2018;314(1): 127–136.
 10. Beisang DJ, et al. Single cell sequencing reveals that lung mesenchymal progenitor cells in IPF exhibit pathological features 

early in their differentiation trajectory. Sci Rep. 2020;10(1):11162.
 11. Banerji CRS, et al. Cellular network entropy as the energy potential in Waddington’s differentiation landscape. Sci Rep. 

2013;3:3039.
 12. Teschendorff  AE, Enver T. Single-cell entropy for accurate estimation of  differentiation potency from a cell’s transcriptome. 

Nat Commun. 2017;8:15599.
 13. Song P, et al. Human genome-specific real-time PCR method for sensitive detection and reproducible quantitation of  human 

cells in mice. Stem Cell Rev. 2012;8(4):1155–1162.
 14. Herrara J, et al. Extracellular matrix as a driver of  progressive fibrosis. J Clin Invest. 2018;128(1):45–53.
 15. Charafe-Jauffret E, et al. Breast cancer cell lines contain functional cancer stem cells with metastatic capacity and a distinct 

molecular signature. Cancer Res. 2009;69(4):1302–1313.
 16. Janiszewska M, et al. Transportin regulates nuclear import of  CD44. J Biol Chem. 2010;285(40):30548–30557.
 17. Lee JL, et al. Acetylation and activation of  STAT3 mediated by nuclear translocation of  CD44. J Cell Biol. 2009;185(6):949–957.
 18. Su YJ, et al. Direct reprogramming of  stem cell properties in colon cancer cells by CD44. EMBO J. 2011;30(15):3186–3199.

https://doi.org/10.1172/jci.insight.144652
mailto://henke002@umn.edu
https://doi.org/10.1164/rccm.200602-163OC
https://doi.org/10.1164/rccm.201411-2044ED
https://doi.org/10.1164/rccm.201411-2044ED
https://doi.org/10.1016/j.ajpath.2014.01.012
https://doi.org/10.1016/j.ajpath.2014.01.012
https://doi.org/10.1172/JCI90832
https://doi.org/10.1172/JCI90832
https://doi.org/10.1172/JCI71386
https://doi.org/10.1172/JCI71386
https://doi.org/10.1164/rccm.201709-1823OC
https://doi.org/10.1164/rccm.201709-1823OC
https://doi.org/10.1172/jci.insight.125185
https://doi.org/10.1172/jci.insight.125185
https://doi.org/10.1038/s41598-020-66630-5
https://doi.org/10.1038/s41598-020-66630-5
https://doi.org/10.1007/s12015-012-9406-3
https://doi.org/10.1007/s12015-012-9406-3
https://doi.org/10.1172/JCI93557
https://doi.org/10.1158/0008-5472.CAN-08-2741
https://doi.org/10.1158/0008-5472.CAN-08-2741
https://doi.org/10.1074/jbc.M109.075838
https://doi.org/10.1083/jcb.200812060
https://doi.org/10.1038/emboj.2011.211


1 8

R E S E A R C H  A R T I C L E

JCI Insight 2021;6(9):e144652  https://doi.org/10.1172/jci.insight.144652

 19. Su M, et al. Nuclear CD44 mediated by importin β participated in naïve genes transcriptional regulation inC3A-iCXCx. Int J 
Biol Sci. 2019;15(6):1252–1260.

 20. Kadam S, Emerson BM. Transcriptional specificity of  human SWI/SNF BRG1 and BRM chromatin remodeling complexes. 
Mol Cell. 2003;11(2): 377–389.

 21. Sena JA, et al. BRG1 and BRM chromatin-remodeling complexes regulate the hypoxic response by acting as coactivators for a 
subset of  hypoxic-inducible transcription factor target genes. Mol Cell Biol. 2013;33(19):3849–3863.

 22. Kidder BL, et al. SWI/SNF-BRG1 regulates self-renewal and occupies core pluripotency-related genes in embryonic stem cells. 
Stem Cells. 2009;27(2):317–328.

 23. Napolitano MA, et al. Brg1 chromatin remodeling factor is involved in cell growth arrest, apoptosis and senescence of  rat mes-
enchymal stem cells. J Cell Sci. 2007;120(Pt 16):2904–2911.

 24. Sanchez-Tillo E, et al. ZEB1 represses E-cadherin and induces an EMT by recruiting the SWI/SNF chromatin-remodeling pro-
tein BRG1. Oncogene. 2010;29(24):3490–3500.

 25. Al-Hajj M, et al. Prospective identification of  tumorigenic breast cancer cells. Proc Natl Acad Sci U S A. 2003;100(7):3983–3988.
 26. Takaishi S, et al. Identification of  gastric cancer stem cells using the cell surface marker CD44. Stem Cells. 2009;27(5):1006–1020.
 27. Collins AT, et al. Prospective identification of  tumorigenic prostate cancer stem cells. Cancer Res. 2005;65(23):10946–10951.
 28. Nho RS, et al. FoxO3a (Forkhead Box O3a) deficiency protects Idiopathic Pulmonary Fibrosis (IPF) fibroblasts from type I 

polymerized collagen matrix-induced apoptosis via caveolin-1 (cav-1) and Fas. PLoS One. 2013;8(4):e61017.
 29. Nho RS, et al. Pathological alteration of  FoxO3a activity promotes idiopathic pulmonary fibrosis fibroblast proliferation on type 

i collagen matrix. Am J Pathol. 2011;179(5):2420–2430.
 30. Xia H, et al. Pathological integrin signaling enhances proliferation of  primary lung fibroblasts from patients with idiopathic pul-

monary fibrosis. J Exp Med. 2008;205(7):1659–1672.
 31. Okamoto I, et al. Proteolytic release of  CD44 intracellular domain and its role in the CD44 signaling pathway. J Cell Biol. 

2001;155(5):755–762.
 32. Cichy J, et al. The liberation of  CD44. J Cell Biol. 2003;161(5):839–843.
 33. Trotter KW, Archer TK. The BRG1 transcriptional coregulator. Nucl Recept Signal. 2008;6:e004.
 34. Barutcu AR, et al. SMARCA4 regulates gene expression and higher order chromatin structure in proliferating mammary epithe-

lial cells. Genome Res. 2016;26(9):1188–1201.
 35. Barutcu AR, et al. The connection between BRG1, CTCF and topoisomerases at TAD boundaries. Nucleus. 2017;8(2):150–155.
 36. Morrison EA, et al. BRG1/hBRM bromodomains with nucleosomes. Nat Commun. 2017;8:16080.
 37. Wu Q, et al. The BRG1 ATPase of  human SWI/SNF chromatin remodeling enzymes as a driver of  cancer. Epigenomics. 

2017;9(6):919–931.
 38. Marquez SB, et al. Beyond mutations: additional mechanisms and implications of  SWI/SNF complex inactivation. Front Oncol. 

2015;4:372.
 39. Lin S, et al. The chromatin-remodeling enzyme BRG1 promotes colon cancer progression via positive regulation of  WNT3A. 

Oncotarget. 2016;7(52):86051–86063.
 40. Roy N, et al. Brg1 promotes both tumor-suppressive and oncogenic activities at distinct stages of  pancreatic cancer formation. 

Genes Dev. 2015;29(6):658–671.
 41. Liu X, et al. BRG1 promotes chemoresistance of  pancreatic cancer cells through crosstalking with Akt signaling. Eur J Cancer. 

2014;50(13):2251–2262.
 42. Nickerson JA, et al. Mammalian SWI/SNF enzymes and the epigenetics of  tumor cell matabolic reprogramming. Front 

Oncol. 2017;7:49.
 43. Ooi L, et al. BRG1 chromatin remodeling activity is required for efficient chromatin binding by repressor element 1-silencing 

transcription factor (REST) and facilitates REST-mediated repression. J Biol Chem. 2006;281(51):38974–38980.
 44. Li H, et al. Brg1 promotes liver fibrosis via activation of  hepatic stellate cells. Exp Cell Res. 2018;364(2): 191–197.
 45. Preca BT, et al. A self-enforcing CD44s/ZEB1 feedback loop mainteins EMT and stemness properties in cancer cells. Int J Can-

cer. 2015;137(11):2566–2577.
 46. Al-Ismaeel Q, et al. ZEB1 and IL-6/11-STAT3 signalling cooperate to define invasive potential of  pancreatic cancer cells via 

differential regulation of  the expression of  S100 proteins. Br J Cancer. 2019;121(1):65–75.
 47. Larsen JE, et al. ZEB1 drives epithelial-to-mesenchymal transistion in lung cancer. J Clin Invest. 2016;126(9):3219–3235.
 48. Ma Z, et al. BRG1 is required for maximal transcription of  the human matrix metalloproteinase-2 gene. J Biol Chem. 

2004;279(44):46326–46334.
 49. Li Z, et al. Epigenetic regulation of  lung cancer cell proliferation and migration by the chromatin remodeling protein Brg1. 

Oncogenesis. 2019;8(11):66.
 50. Chen F, et al. Sphere-induced reprogramming of  RPE cells into dual-potnetial RPE stem-like cells. EBioMedicine. 

2020;52:102618.
 51. No authors listed. American Thoracic Society. Idiopathic pulmonary fibrosis: diagnosis and treatment. International consen-

sus statement. American Thoracic Society (ATS), and the European Respiratory Society (ERS). Am J Respir Crit Care Med. 
2000;161(2 Pt 1):646–664.

https://doi.org/10.1172/jci.insight.144652
https://doi.org/10.7150/ijbs.28235
https://doi.org/10.7150/ijbs.28235
https://doi.org/10.1016/S1097-2765(03)00034-0
https://doi.org/10.1016/S1097-2765(03)00034-0
https://doi.org/10.1128/MCB.00731-13
https://doi.org/10.1128/MCB.00731-13
https://doi.org/10.1634/stemcells.2008-0710
https://doi.org/10.1634/stemcells.2008-0710
https://doi.org/10.1038/onc.2010.102
https://doi.org/10.1038/onc.2010.102
https://doi.org/10.1073/pnas.0530291100
https://doi.org/10.1002/stem.30
https://doi.org/10.1158/0008-5472.CAN-05-2018
https://doi.org/10.1371/journal.pone.0061017
https://doi.org/10.1371/journal.pone.0061017
https://doi.org/10.1016/j.ajpath.2011.07.020
https://doi.org/10.1016/j.ajpath.2011.07.020
https://doi.org/10.1084/jem.20080001
https://doi.org/10.1084/jem.20080001
https://doi.org/10.1083/jcb.200108159
https://doi.org/10.1083/jcb.200108159
https://doi.org/10.1083/jcb.200302098
https://doi.org/10.1101/gr.201624.115
https://doi.org/10.1101/gr.201624.115
https://doi.org/10.1080/19491034.2016.1276145
https://doi.org/10.2217/epi-2017-0034
https://doi.org/10.2217/epi-2017-0034
https://doi.org/10.18632/oncotarget.13326
https://doi.org/10.18632/oncotarget.13326
https://doi.org/10.1101/gad.256628.114
https://doi.org/10.1101/gad.256628.114
https://doi.org/10.1016/j.ejca.2014.05.017
https://doi.org/10.1016/j.ejca.2014.05.017
https://doi.org/10.1074/jbc.M605370200
https://doi.org/10.1074/jbc.M605370200
https://doi.org/10.1016/j.yexcr.2018.02.003
https://doi.org/10.1002/ijc.29642
https://doi.org/10.1002/ijc.29642
https://doi.org/10.1038/s41416-019-0483-9
https://doi.org/10.1038/s41416-019-0483-9
https://doi.org/10.1172/JCI76725
https://doi.org/10.1074/jbc.M405438200
https://doi.org/10.1074/jbc.M405438200
https://doi.org/10.1038/s41389-019-0174-7
https://doi.org/10.1038/s41389-019-0174-7

