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Abstract

Hermansky-Pudlak syndrome (HPS) is an autosomal recessive disorder characterized by improper biogenesis of
lysosome-related organelles (LROs). Lung fibrosis is the leading cause of death among adults with HPS-1 and HPS-4
genetic types, which are associated with defects in the biogenesis of lysosome-related organelles complex-3 (BLOC-
3), a guanine exchange factor (GEF) for a small GTPase, Rab32. LROs are not ubiquitously present in all cell types, and
specific cells utilize LROs to accomplish dedicated functions. Fibroblasts are not known to contain LROs, and the func-
tion of BLOC-3 in fibroblasts is unclear. Here, we report that lung fibroblasts isolated from patients with HPS-1 have
increased migration capacity. Silencing HPS-1 in normal lung fibroblasts similarly leads to increased migration. We also
show that the increased migration is driven by elevated levels of Myosin IIB. Silencing HPST or RAB32 in normal lung
fibroblasts leads to increased MYOSIN 1B levels. MYOSIN 1IB is downstream of p38-MAPK, which is a known target of
angiotensin receptor signaling. Treatment with losartan, an angiotensin receptor inhibitor, decreases MYOSIN IIB levels
and impedes HPS lung fibroblast migration in vitro. Furthermore, pharmacologic inhibition of angiotensin receptor
with losartan seemed to decrease migration of HPS lung fibroblasts in vivo in a zebrafish xenotransplantation model.
Taken together, we demonstrate that BLOC-3 plays an important role in MYOSIN IIB regulation within lung fibroblasts

and contributes to fibroblast migration.
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Background

Hermansky-Pudlak syndrome (HPS) is a group of rare
autosomal recessive disorders in which the formation of
lysosome-related organelles (LROs) is defective [1]. LROs
are membrane-bound organelles with specific functions
in specialized cells that share several features with con-
ventional lysosomes [2]. Genetically, there are eleven
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distinct types of HPS (HPS1-11), all of which exhibit ocu-
locutaneous albinism and bleeding diathesis of varying
severity due to dysfunctional biogenesis of melanosomes
and platelet dense granules, respectively [3-5]. HPS-1,
HPS-4, and, to a lesser extent, HPS-2 patients are at risk
for pulmonary fibrosis, which is the predominant cause
of mortality among this population [6—10]. Despite two
clinical trials [11, 12], there is no established medical
treatment for HPS pulmonary fibrosis, and lung trans-
plantation remains the only viable option [13, 14]. As
such, further investigation into the pathogenesis of HPS
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pulmonary fibrosis is imperative for the discovery of
novel therapeutic or prophylactic avenues.

HPS1 and HPS4 proteins assemble to form a heterodi-
mer known as biogenesis of lysosome-related organelles
complex-3 (BLOC-3) [1, 15]. BLOC-3 serves as a gua-
nine nucleotide exchange factor (GEF) for Rab32/38 and
induces inactive Rab proteins to release GDP and bind to
GTP [16]. Previous findings have revealed that deficiency
in BLOC-3, Rab32, or Rab38 in lung epithelial cells leads
to abnormal membrane protein trafficking and ultimately
aggravates bleomycin-induced cell injury [17]. Fibro-
blasts are the primary effector cells in fibrotic disorders
[18, 19], and they contribute to the development of HPS
pulmonary fibrosis [20]. However, lung fibroblasts are
not known to harbor LROs, and the function of BLOC-3
in lung fibroblasts is not clearly defined.

In the present study, we evaluated the pro-fibrotic phe-
notypes of HPS lung fibroblasts and identified a Myosin
IIB-dependent pathway leading to enhanced HPS lung
fibroblast migration. Myosin IIB is known to be upregu-
lated by the activation of the angiotensin II receptor type
I (AGTR1) [21]. Blocking the AGTR leads to decreased
Myosin IIB levels and impaired migration. Collec-
tively, we found important functional consequences for
BLOC-3 defects in human lung fibroblasts, which are
manifested by the accumulation of Myosin IIB protein
and enhanced pro-fibrotic phenotype, suggesting that
AGTR1 could be a promising therapeutic target for the
treatment of HPS-1 pulmonary fibrosis.

Results
Enhanced HPSLF migration in vitro
Given the high prevalence and early onset of pulmo-
nary fibrosis in patients with HPS-1, we examined the
pro-fibrotic phenotypes of human HPS lung fibroblasts
(HPSLF). We first examined whether the migratory
capability of HPSLF was altered using in vitro scratch
assays. The rate of gap closure was monitored for 24 h
after disruption of the confluent cell monolayer. Within
24 h, areas of denuded surface in HPSLF were consider-
ably smaller compared to that in normal lung fibroblast
(NLF), suggesting that cell motility is enhanced in HPSLF
(Fig. 1A, B). The efficiency of wound healing in scratch
assays can be influenced by both cell migration and pro-
liferation [22]. To take both factors into account, we used
flow cytometry to assess cell proliferation by measuring
the dilution of CFSE stain over 3 days of cell growth; we
found that HPSLF did not possess a proliferative advan-
tage over NLF (Fig. 1C), indicating that the accelerated
migration of HPSLF is primarily due to increased cell
motility.

Next, to complement our findings in HPSLE, we
repeated scratch assays with NLF in which HPSI was
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silenced with siRNA (Fig. 1D, E). Quantification of the
residual wound areas revealed that NLF transfected with
HPS1 siRNA acquired augmented migratory potential
reminiscent of HPSLF (Fig. 1F, G), thus confirming the
impact of HPS1 on fibroblast phenotype.

Enhanced migration of HPSLF is myosin 1IB dependent
Based on these observations, we hypothesized that
Myosin IIB, a key motor protein that propels fibroblast
migration [23], was responsible for the increased motil-
ity of HPSLF. As an initial assessment of Myosin IIB’s
involvement in the HPSLF migratory phenotype, we
first quantified the expression of MYH10, which encodes
Myosin IIB. Real-time PCR analysis revealed that MYHI10
gene expression in HPSLF was approximately three-fold
higher compared to that of NLF (Fig. 2A). Furthermore,
this increase in MYHI0 mRNA corresponded to ele-
vated Myosin IIB protein staining in both western blot
and Immunofluorescence microscopy images (Fig. 2B—
D). Real-time PCR analysis also revealed that HPSLF
have increased gene expression of ECM genes; Elastin,
Laminin, and collagens 1 and 3. To further support our
results, we also investigated Myosin IIB expression lev-
els in fibroblast cells derived from a second normal and
HPS1 patient; we observed a similar elevated expression
of myosin IIB protein levels in HPSLF compared to NLF
(Additional file 1: Fig. S1 and Additional file 2: Fig. S2A,
B).

Since Myosin IIB inhibition has been reported to
reduce the motility of numerous other cell types [24-26],
we queried whether suppression of MYHIO expression
could impede HPSLF migration. To this end, HPSLF were
transfected with siRNA directed against MYH10 (Fig. 2D,
E) and then subjected to scratch assays with images cap-
tured at 0, 12, and 24 h after the wounds were inflicted.
As anticipated, a side-by-side comparison demonstrated
that closure of the scratch wound required significantly
more time in Myosin IIB-depleted HPSLF compared
to the cells transfected with control siRNA (Fig. 2F, G).
Overall, our results support a role for dysregulated Myo-
sin IIB in enhanced migration of HPSLE.

A BLOC3-dependent mechanism modulates myosin IIB
level in HPSLF

HPS1 and HPS4 are two components of BLOC-3, an
indispensable guanine nucleotide exchange factor (GEF)
for small GTPases Rab32 and Rab38 [16]. To investigate
whether BLOC3 proteins could account for the altera-
tion in Myosin IIB levels, we silenced HPS1, HPS4, and
RAB32 via siRNA in NLF and validated target depletion
by immunoblotting (Fig. 3). Silencing of either compo-
nent of BLOC-3 or Rab32 resulted in elevated levels of
Myosin IIB protein levels. We observed a similar rise in
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Fig. 1 Enhanced HPSLF migration in vitro is HPS1-dependent. A, F Representative microscopy images of scratch assays at 0, 12, and 24 h after gaps
were generated. Scratch assays were performed with A NLF (n= 3 technical replicates) and HPSLF (n =3 technical replicates); F NLF transfected
with control or HPS1 siRNA; B, G Quantitative analysis of the migration potential of B NLF and HPSLF; G NLF transfected with control or HPS1 siRNA.
The rate of fibroblast migration was determined by calculating the percentage of open wound area at the indicated time points to that of the
corresponding initial scratch. C Ratio of CFSE MFI from proliferating cells over undivided cells D Western blot analysis of HPS1 protein expression
in NLF transfected with either control or HPST siRNA. 3-Actin was used as a loading control. E Ratio of HPS1 to B-Actin density expressed as fold
change relative to NLF transfected with control siRNA. Data are expressed as mean £ SEM of three independent experiments. B, G Data analyzed
using two-way mixed ANOVA *P<0.05. C, E Data was analyzed using Student’s t-test *P<0.05, **P<0.01

Myosin IIb protein levels in NLF following the use of a
different HPS1 siRNA construct (Additional file 2: Fig.
S2C, D).

Pharmacological blockade of MYH10 expression blocks
HPSLF migration in vitro

To further explore the link between Myosin IIB and
HPSLF migratory phenotype, we explored the regulatory
pathways controlling Myosin IIB expression and activ-
ity. The p38 mitogen-activated protein kinase (MAPK)
pathway is essential in Myosin IIB regulation [27], and
p38 is a downstream effector of AGTR1-mediated sign-
aling [28, 29]. Furthermore, Myosin IIB is upregulated
by AGTR1-mediated signaling, and MYHI10 expression
can be inhibited with common AT1 receptor antago-
nists such as losartan [21]. To elucidate the relationship

between AGTRI signaling and HPSLF phenotype, we
examined p38 phosphorylation in HPSLF incubated
with and without losartan. Treatment with losartan [30]
significantly abrogated p38 phosphorylation in HPSLF
compared to HPSLF control cells treated with vehicle-
only (Fig. 4A—C). Myosin IIB expression in these same
cells was also significantly reduced in HPSLF treated with
losartan compared to control cells. Treating HPSLF with
the p38 MAPK inhibitor SB202190 [31] (Additional file 3:
Fig. S3A, B) similarly reduced Myosin IIB protein levels.
In further support of these results, we also silenced HPS1
and HPS4 in NLF cells (Additional file 3: Fig. S3C-F) and
observed increased levels of phosphorylated p38 protein;
linking the HPS1 defect to changes in p38 signaling.

To address the potential functional significance of these
findings, we measured cell migration of HPSLF incubated



Imani et al. Respiratory Research (2022) 23:167

Page 4 of 10

A B NLF HPSLF C
4 . Z
<Z( ’L_Il: Kk K - MyoSin [|B s wessm 230 E‘B 5\ : % .
£z ° —= §<2
: ] 1
o > 2 om 2
T o HPS1 G - 79 =0 ° o
§ L —— % c “_9 2 i
S< . O8c 1| —wea—
0 B-Actin EG—G— /2 e
NLF HPS NLF HPS
MW (kDa)
Phal|0|dm Myosin 11B Merge \@ ‘3"@ F
sirna & & Z~
o "
Myosin |IB S s 230 %2 g -
Em O 1.0 —_———
’ - Smo
h = >
\ B-Actin WE— 1> G S 32 °°
0 8<%
MW (kDa) =S 00 ==
Control MYH10
G H
Time (hours) o 12 24 i
L ‘ S 2er o aax
Control g . . e
siRNA D g -
| E L~
MYH10 <§3 30 i
siRNA 0
0 12 24

Fig. 2 Enhanced migration of HPSLF is Myosin 1IB dependent. A Real-time PCR analysis of MYH10 mRNA in NLF (n =3 technical replicates) and
HPSLF (n =3 technical replicates). Results were expressed as fold change relative to NLF. B Western blot analysis of Myosin IIB and HPST. Protein
expression in control NLF and HPSLF cells are shown; 3-Actin was used as a loading control. C Ratio of Myosin IIB to 3-Actin density expressed as
fold-change relative to control NLF. D Immunofluorescent images of NLF and HPSLF stained with Phalloidin (green) and Myosin IIB (red). E Western
blot analysis of Myosin IIB protein expressions in HPSLF transfected with either control or MYH10 siRNA. -Actin was used as a loading control. F
Ratio of Myosin IIB to 3-Actin density expressed as fold-change relative to control siRNA. G Representative microscopy images of scratch assays at

0, 12,and 24 h after gaps were generated in control or MYH10 siRNA transfected HPSLF. H Quantitative analysis of the migration potential of control
or MYH10 siRNA transfected HPSLF. The rate of fibroblast migration was determined by calculating the percentage of open wound area at the
indicated time points to that of the corresponding initial scratch. Data are expressed as mean & SEM of three independent experiments. A, B, E Data
were analyzed using students t-test *P< 0.5, ***P < 0.001, ****P<0.0001. G Data were analyzed using two-way mixed ANOVA ***P<0.001
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with losartan or vehicle-only in scratch assays [30]. We
found that cell migration of HPSLF treated with losartan
was significantly reduced compared to control HPSLF
incubated with vehicle only (Fig. 4D, E). These results
demonstrate that pharmacological blockade of Myosin
IIB is associated with decreased HPSLF migration.

Losartan alters HPSLF migration in vivo
To examine the migration of human lung fibro-
blasts in vivo, we developed a xenotransplant model,

where NLF and HPSLF labeled with fluorescent dye
were injected into the yolk sac of zebrafish embryos.
Zebrafish embryos were imaged at 24 and 48 h after
injection to measure the migration of cells from the
yolk sac. Consistent with our in vitro data, HPSLF
exhibited increased migration in vivo compared to
NLE. Notably, the increased cell migration in zebrafish
embryos seemed to be inhibited when HPSLF were pre-
incubated with losartan prior to injection (Fig. 5, Addi-
tional file 4: Fig. S4).
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Fig. 3 A BLOC3-dependent mechanism modulates Myosin IIB level in HPSLF. A and D Western blot analysis of Myosin IIB protein expression in NLF
(n=3 technical replicates) transfected with either control or HPS1 siRNA. 3-Actin was used as a loading control (same membranes as in Fig. 1D).
Ratio of Myosin IIB to 3-Actin density expressed as fold change relative to NLF transfected with control siRNA. B and E Western blot analysis of
Myosin IIB protein expression in NLF (n =3 technical replicates) transfected with either control or HPS4 siRNA. 3-Actin was used as a loading control.
Ratio of Myosin IIB to B-Actin density expressed as fold change relative to NLF transfected with control siRNA. C and F Western blot analysis of
Myosin IIB in NLF (n =3 technical replicates) transfected with either control or Rab32 siRNA. -Actin was used as a loading control. The ratio of
Myosin IIB to 3-Actin density expressed as fold change relative to NLF transfected with control siRNA. Data are expressed as mean 4 SEM of three
independent experiments. Data were analyzed using a student’s t-test *P<0.05, **P <0.01, ****P<0.0001

Discussion

In this study, we demonstrate for the first time that defi-
ciency in HPS1, a subunit of BLOC-3, results in Myosin
IIB protein expression in HPSLE. We also demonstrate
that elevated levels of Myosin IIB in HPSLF is associated
with increased cell motility and that blockade of AGTR1
using losartan corrects the pro-fibrotic phenotype. Of
significant clinical interest, losartan is an FDA-approved
AGTRI antagonist for the treatment of hypertension,
left ventricular hypertrophy, and diabetic nephropathy,
and it has been clinically used for more than two decades
with an excellent safety profile [32]. The broad therapeu-
tic potentials of losartan have also been showcased in
fibrotic disorders in the heart, lung, liver, and kidney [33—
36]. Although information about the anti-fibrotic effects
of losartan in patients with HPS-1 pulmonary fibrosis
and hypertension is not available, losartan stabilized lung
function in patients with idiopathic pulmonary fibrosis
and had antifibrotic effects in the livers of patients with
nonalcoholic steatohepatitis and hypertension [36, 37].
Collectively, these properties render losartan a concep-
tually attractive candidate for HPS pulmonary fibrosis
treatment or perhaps prophylaxis against the develop-
ment of pulmonary fibrosis.

Manifestations associated with BLOC-3 defects are
extensively studied in cells possessing LRO [16, 17, 38].
Here, we demonstrate that normal human lung fibro-
blasts express functional BLOC-3 despite the lack of
LRO. It is also noteworthy that the BLOC-3 defect in
HPSLF upregulated MYH10 expression, which encodes
Myosin IIB. Knockdown of HPSI or HPS4 in NLF reca-
pitulates the increase in Myosin IIB protein featured
by HPSLE, thus supporting our findings that intrinsic
BLOC-3 defects contribute to Myosin IIB levels accu-
mulation. However, given that the increase in Myosin
IIB is driven by increased RNA levels and not trafficking
defects, further studies are warranted to elucidate mech-
anisms of aberrant MYOSIN IIB accumulation in HPS-1.

The underlying causes of HPS pulmonary fibrosis are
most likely multifaceted. Dysfunction of alveolar epithe-
lial cells and macrophages has emerged as a critical con-
tributor to disease pathogenesis [39], although the role
of lung fibroblasts is largely unknown. Intriguingly, our
in vitro wound healing assays reveal the increased migra-
tion velocity of HPSLF and HPS1- silenced NLE. In light
of the deleterious impact of unchecked fibroblast migra-
tion on tissue remodeling [40], our observations strongly
support the prominent role of HPSLF in promoting lung
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fibrogenesis. Mechanistically, we show that the kinase
activity of p38 MAPK is required for the downstream
upregulation of Myosin IIB in HPSLFE. Furthermore, we
observed that abrogation of Myosin IIB using genetic
ablation of MYHIO or pharmacological inhibition of
AGTR1 with losartan mitigates the migratory phenotype
of HPSLF in vitro and potentially in vivo, thus highlight-
ing the role of the AGTR1-p38 MAPK-Myosin IIB path-
way for fibroblast motility. Since HPS is rare disease, the
number of primary fibroblasts used in these experiments
is limited, which is a limitation of our work. However,
we believe that our data are strengthened by the genetic
manipulation of HPS1, HPS4 and Rab32 in normal lung
fibroblasts.

In summary, our findings unravel a previously unrec-
ognized role of BLOC-3 in human lung fibroblasts and
offer novel molecular insights into HPSLF migration.
Our study supports a role for aberrant Myosin IIB in HPS
pulmonary fibrosis and provides an in vitro validation of

losartan as a viable potential therapy. Future studies are
needed to better understand the mechanisms of Myosin
IIB accumulation and to evaluate the efficacy of AGTR1
inhibitors in animal models of HPS pulmonary fibrosis.

Methods

Human lung tissues collection

Under protocol 04-HG-0211 approved by the Insti-
tutional Review Board (IRB) of the National Human
Genome Research Institute, lung tissues from healthy
research volunteers and subjects with HPS-1 pulmonary
fibrosis undergoing lung transplantation were procured
as described previously [20].

Cell Culture. Primary human lung fibroblasts were
obtained by explant cultures from control healthy lungs
(NLF) and HPS-1 fibrotic lungs (HPSLF) as described
previously [20]. HPS lung fibroblasts were cultured from
lung explants donated by 1 female and 1 male; one patient
was in their late 40’s and one patient was in their early
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Fig. 5 Modulation of enhanced migratory capacity of HPS lung fibroblasts (HPSLF) by losartan in vivo. HPSLF and normal lung fibroblasts

(NLF) were treated with losartan or vehicle (PBS) and labeled with a CM-Dil live-cell marker (red). 75 cells were injected into the yolk sac of 48 h
post-fertilization Tg(fli1:GFP, green) zebrafish embryos expressing GFP in their blood vessels. HPSLFs exhibit stronger migratory capacity than NLFs
at 24 h (not shown) and 48 h after injection. Arrows indicate the migration of labeled fibroblasts from the yolk sac into outlined regions of zebrafish
embryos. Treatment with losartan reduces HPSLF migratory capacity compared to baseline
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50’s. One normal lung fibroblast donor was a 63-year-
old female, and another donor was a 67 year old male.
The Cells were maintained in Dulbecco’s Modified Eagle
Medium Media (Thermo Fisher Scientific, Rockford,
IL) with 10% FBS and incubated at 37 °C in a humidi-
fied 5% CO, atmosphere. The cells were passaged every
3 days with an average doubling time of 33 h and could be
maintained until passage 10—11. For all included experi-
ments the cells were used between passages 5-9. Cells
were serum-starved overnight before they were treated
with losartan (100 nM) (TOCRIS, Minneapolis, MN) or
SB202190 (5 pM) (Cayman Chemicals, Ann Arbor, MI)
for the indicated times.

RNA interference

The siRNAs for human HPS1, HPS4, MYHI10, and RAB32
were designed with the Whitehead siRNA Selection Web
Server as described previously [41] and were synthesized
by Sigma-Aldrich. Refer to (Additional file 5: Table S1)
for siRNA sequences. Cells were transfected with either
non-targeting control siRNA (MISSION siRNA Uni-
versal Negative Control, Sigma-Aldrich) or specific
siRNA to suppress the expression of the intended gene.
Transfection was carried out with 10 nmol/L siRNA by
using Lipofectamine RNAIMAX (Thermo Fisher Sci-
entific, Rockford, IL), according to the manufacturer’s

recommendations. The efficiency of siRNA-mediated
knockdown was confirmed by Western blotting.

Flow cytometry

The fluorescence signal of CESE labeled cells were
measured using a FACSCanto II flow cytometer (BD
Biosciences, Franklin Lakes, NJ). Data analysis was per-
formed by using FlowJo (TreeStar, Ashland, OR).

Western blotting

Cells were lysed with radioimmunoprecipitation assay
(RIPA) buffer supplemented with protease and phos-
phatase inhibitors (Thermo Fisher Scientific). Protein
concentration was subsequently determined with a BCA
protein assay (Thermo Fisher Scientific). Equal amounts
of protein extract from each sample were resolved by
sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred onto polyvi-
nylidene fluoride (PVDF) membranes. The membrane
was blocked with 5% skim milk in Tris-buffered saline
with Tween (TBST) for 1 h at room temperature and
then probed with primary antibody overnight at 4 °C.
A complete list of antibodies is included in (Additional
file 5: Table S2). After TBST wash, the membrane was
incubated with the appropriate horseradish peroxidase
(HRP)-conjugated secondary antibody (Thermo Fisher
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Scientific) for 1 h at room temperature. Blots were devel-
oped with SuperSignal West Pico chemiluminescent
substrate (Thermo Fisher Scientific) and visualized by
ChemiDoc XRS+imaging system (Bio-Rad). Imagelab
(Bio-rad Laboratories, Hercules, CA).

Scratch assay

Scratch assay was performed as previously described
[22]. Briefly, cells were cultured to confluence in 60 mm
and starved overnight. At time O, the cell monolayer was
scratched with a 1000-pl pipette tip and washed with
PBS to remove floating cells. Phase-contrast images
were captured at specified time points after scratch-
ing and analyzed with Image]. The rate of cell migration
was determined by calculating the percentage of residual
wound area at the indicated time points to that of the
corresponding original wound.

Cell proliferation assay

Cell proliferation was determined by a fluorescence-
based assay that quantifies CFSE dilution in proliferating
cells. NLF and HPSLF cells were stained with 5uM CFSE
(Biolegend), 50% of each cell suspension was then treated
with 10ug/ml Mitomycin C. The cells were then cultured
for 3 days at which cell point the CFSE fluorescence was
measured on a FACSCanto II flow cytometer (BD Bio-
sciences, Franklin Lakes, NJ). The cell growth rate was
calculated as the ratio of the MFI of CFSE in the mitomy-
cin C treated cells over the untreated cells for both NLF
and HPSLE.

RNA extraction and real-time polymerase chain reaction
Total RNA was isolated with RNeasy Mini Kit (Qiagen).
1 pg RNA was reverse-transcribed with amfiRivert cDNA
Synthesis Master Mix (GenDEPOT, Barker, TX, USA).
A total of 1 pL of the resultant cDNA was subjected to
a quantitative real-time polymerase chain reaction (PCR)
with the StepOnePlus Real-Time PCR System (Thermo
Fisher Scientific) by using RT? SYBR Green qPCR Master
Mix (Qiagen). Primers were designed by Primer Premier
5 software (Premier Biosoft International, Palo Alto, CA)
and synthesized by Sigma-Aldrich. Refer to Additional
file 5: Table S3 for primer sequences. Thermal cycling
conditions were 95 °C for 10 min followed by 40 cycles
of 95 °C for 15 s and 60 °C for 1 min. Gene expression
was normalized to housekeeping gene 18S rRNA (18S)
and determined by using the 2722t method. Each sam-
ple was analyzed in triplicate and melting curve analysis
was carried out to confirm the specificity of the primers.

Immunofluorescence microscopy
NLF and HPS cells were cultured in 4 well chamber
slides, the slides were washed twice with cold PBS and
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then fixed with 4% paraformaldehyde. The cells were
then permeabilized with 0.1% Triton-X100 in PBS.
Cells were washed twice with PBS and then incubated
with Rabbit anti-Myosin IIB antibody overnight. The
slide was washed twice with PBS and incubated with
AlexaFluor 647 anti-rabbit secondary antibody and
AlexaFluor 488 conjugated Phalloidin (Thermofisher
Cat# A12379) following the manufactures instructions.
Stained slides were imaged using an Olympus FluoView
FV-10i confocal laser-scanning microscope (Olympus,
Tokyo, Japan).

Injections and analysis of human fibroblast cells

in zebrafish embryos

All zebrafish work was done in the Tg(flil:GFP) line [42]
using an Animal Study Protocol (G-05-5 to RS) approved
by the National Human Genome Research Institute’s Ani-
mal Care and Use Committee. Embryos were generated
from a breeding stock, maintained at 28 °C in E3 water,
and treated with 0.3 mg/mL PTU (N-Phenylthiourea)
from 24 h post-fertilization (hpf) to suppress pigmenta-
tion. At 48 hpf, embryos were manually dechorionated,
and anesthetized with 0.16 mg/ml tricaine (Syndel, Fern-
dale, WA). Seventy-five freshly thawed passage 4 HPSLFs
or NLFs were suspended in 4 nL of 3 mg/mL Matrigel
(Corning, Corning, NY) and were injected into the yolk
sac of 48 h post-fertilization zebrafish embryos using a
microinjector (World Precision Instruments, Sarasota,
FL). Zebrafish embryos were screened for CM-Dil sig-
nal using a Leica MZ16F microscope (Leica, Wetzlar,
Germany) 2 h after injection. Tile images from zebrafish
mounted on glass-bottom microwell dishes (MatTek,
Ashland, MA) in 0.8% low-melt agarose (Sigma-Aldrich,
St. Louis, MO) containing 0.16 mg/mL tricaine were
obtained at 24 and 48 h after injection using a Zeiss LSM
810 confocal microscope (Zeiss, Oberkochen, Germany).
At least 20 zebrafish embryos were analyzed for experi-
ments performed in triplicate using cells from 2 different
patients with HPS-1 pulmonary fibrosis.

Statistical analysis

Data are presented as mean =+ standard error of the mean
(SEM) from three independent experiments. Com-
parisons between two groups were performed with a
two-tailed Student ¢-test. Variables with more than two
factors were evaluated by one-way analysis of variance
(ANOVA) followed by the Tukey post hoc test. Scratch
Assay results were analyzed using two-way ANOVA fol-
lowed by the Sidak post hoc test. Statistical analyses were
carried out with GraphPad Prism 9.0.2 (GraphPad Soft-
ware, La Jolla, CA). P<0.05 was considered significant.
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Additional file 1: Fig S1. Real-time PCR analysis of A COLTA1, B COL3A1,
C COL4AT, D ELN, E LAMBI1, F FLN, G TIMP3, H HAST, 1 HAS2, ) HAS3 mRNA
in NLF (n =3 technical replicates) and HPSLF (n =3 technical replicates).
Results were expressed as fold change relative to NLF. Data are expressed
as mean = SEM of three independent experiments. Data analyzed using a
student’s t-test *P<0.05, **P<0.01, ****P<0.0001

Additional file 2: Fig S2. A Western blot analysis of Myosin 1B and HPS1
Protein expression from independent NLF and HPSLF patient cells are
shown; B-Actin was used as a loading control. B Ratio of Myosin I1B to
B-Actin density expressed as fold-change relative to control NLF. C West-
ern blot analysis of Myosin 1IB and HPS1 Protein in NLF cells silenced with
a second HPS1 siRNA construct; B-Actin was used as a loading control. D
Ratio of Myosin IIB to B-Actin density expressed as fold-change relative

to control siRNA treated cells. Data are expressed as mean = SEM of three
independent experiments. Data analyzed using a student’s t-test *P<0.05,
**P<0.01

Additional file 3: Fig S3. A Western blot analysis of Myosin IIB in HPSLF
(n=3technical replicates) treated with vehicle (DMSO) or with SB202190
(5 uM). B-Actin was used as a loading control. B Ratio of Myosin IIB to
B-Actin density expressed as fold-change relative to DMSO. C Western
blot analysis of phospho-p38 and p38 in NLF (n=3 technical replicates)
transfected with control or 2 different HPS1 siRNA constructs. 3-Actin was
used as a loading control. D Ratio of phospho p38 to p38 Density; the
ratio of each HPS1 transfected NLF was compared to its own control siRNA
transfected cell. E Western blot analysis of phospho-p38 and p38 in NLF
(n=3 technical replicates) transfect with control or HPS4 siRNA. B-Actin
was used as a loading control. (F) Ratio of phospho p38 to p38 Density.
Data are expressed as mean = SEM of three independent experiments.
Data analyzed using a student’s t-test *P < 0.05, **P < 0.01, ***P < 0.001,
***¥¥P <0.0001

Additional file 4: Fig. S4. Losartan Modulates the migratory capacity

of HPSLF in vivo. NLF (Right) and HPSLF (Left) were labeled with CM-Dil
live-cell marker (red) and seventy-five cells were injected into the yolk sac
of 48 h post-fertilization Tg(fli1:GFP, green) zebrafish embryos expressing
GFP in their blood vessels (n=5 biological replicates). At 48 post-injection,
HPSLF migrated farther than NLF (column 3 vs 1). Treatment of HPSLF with
losartan reduced the migratory capacity compared to control treatment
(Column 3 vs Column 4).

Additional file 5: Table S1. siRNA sequences. Table S2. Complete list of
antibodies. Table S3. Real-time PCR primer sequences.

Acknowledgements
We thank our patients for their participation in our research studies.

Author contributions

This study was completed by contributions of multiple authors. The research
questions and studies were designed by JI, BRG, SE-C and conducted by JI,
SB, AML, DDM, DMM, SS, AN, MCVM, LCT, RS, KB. The data was acquired by JI,
BS, SS, AML, KB, and analyzed by JI, IOR, MAP, RH, LY, BRG, SE-C. The manu-
script was written by JI, BRG, SE-C. All authors read and approved the final
manuscript.

Funding

This work was supported in part by the Co-Fund HPS Grant from ATS Founda-
tion/ HPS Network (to S.E-C), NIH grant ROT HL130275 (to S.E-C), the Division
of Intramural Research NIH/NHGRI, and RO1 HL119503 (to LR.Y).

Availability of data and materials
All data generated and analyzed during this study are included in this pub-
lished article (and its additional files).

Page 9 of 10

Declarations

Ethics approval and consent to participate

The acquisition of lung fibroblasts from subjects with HPS-1 was approved by
the Institutional Review Board (IRB) of the National Human Genome Research
Institute (Protocol 04-HG-0211). Subjects provided written informed consent
to participate in these studies.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Division of Pulmonary and Critical Care Medicine, Brigham and Women's
Hospital, Harvard Medical School, 75 Francis Street, Boston, MA 02115, USA.
’Medical Genetics Branch, NHGRI, NIH, Bethesda, MD 20892, USA. *Division
of Hematology, Brigham and Women's Hospital, Harvard Medical School,
Boston, MA 02115, USA. *Zebrafish Core Facility, NHGRI, NIH, Bethesda, MD
20892, USA. °NIH Undiagnosed Diseases Program, Common Fund, Office

of the Director, NIH, Bethesda, MD 20892, USA. ®Department of Pediatric
Newborn Medicine, Brigham and Women's Hospital, Harvard Medical School,
Boston, MA 02115, USA. " Division of Pulmonary and Sleep Medicine, The Chil-
dren’s Hospital of Philadelphia, Perlman School of Medicine at the University
of Pennsylvania, Philadelphia, PA 19104, USA.

Received: 17 November 2021 Accepted: 11 June 2022
Published online: 23 June 2022

References

1. Nazarian R, Falcon-Perez JM, Dell’Angelica EC. Biogenesis of lysosome-
related organelles complex 3 (BLOC-3): a complex containing the
Hermansky-Pudlak syndrome (HPS) proteins HPST and HPS4. Proc Natl
Acad Sci USA. 2003;100(15):8770-5.

2. Huizing M, Helip-Wooley A, Westbroek W, Gunay-Aygun M, Gahl WA. Dis-
orders of lysosome-related organelle biogenesis: clinical and molecular
genetics. Annu Rev Genomics Hum Genet. 2008;9:359-86.

3. Erickson RP. Pigment, platelets, and Hermansky-Pudlak in human and
mouse. Proc Natl Acad Sci USA. 1997;94(17):8924-5.

4. Huizing M, Gochuico BR, Gahl WA, et al. Molecular genetics of Herman-
sky-Pudlak syndrome. el.S. 2017;2017:1-10. https://doi.org/10.1002/
9780470015902.a0024328.pub?.

5. Pennamen P, Le L, Tingaud-Sequeira A, Fiore M, Bauters A, Van Duong
BN, et al. BLOC1S5 pathogenic variants cause a new type of Hermansky-
Pudlak syndrome. Genet Med. 2020;22(10):1613-22.

6.  Gahl WA, Brantly M, Kaiser-Kupfer MI, Iwata F, Hazelwood S, Shotelersuk V,
et al. Genetic defects and clinical characteristics of patients with a form of
oculocutaneous albinism (Hermansky-Pudlak syndrome). N Engl J Med.
1998;338(18):1258-64.

7. Brantly M, Avila NA, Shotelersuk V, Lucero C, Huizing M, Gahl WA.
Pulmonary function and high-resolution CT findings in patients with an
inherited form of pulmonary fibrosis, Hermansky-Pudlak syndrome, due
to mutations in HPS-1. Chest. 2000;117(1):129-36.

8. Gochuico BR, Huizing M, Golas GA, Scher CD, Tsokos M, Denver SD, et al.
Interstitial lung disease and pulmonary fibrosis in Hermansky-Pudlak
syndrome type 2, an adaptor protein-3 complex disease. Mol Med.
2012;18:56-64.

9. Vicary GW, Vergne Y, Santiago-Cornier A, Young LR, Roman J. Pulmo-
nary fibrosis in Hermansky-Pudlak syndrome. Ann Am Thorac Soc.
2016;13(10):1839-46.

10. Yokoyama T, Gochuico BR. Hermansky-Pudlak syndrome pulmo-
nary fibrosis: a rare inherited interstitial lung disease. Eur Respir Rev.
2021;30:159.

11. Gahl WA, Brantly M, Troendle J, Avila NA, Padua A, Montalvo C, et al. Effect
of pirfenidone on the pulmonary fibrosis of Hermansky-Pudlak syndrome.
Mol Genet Metab. 2002;76(3):234-42.


https://doi.org/10.1186/s12931-022-02083-w
https://doi.org/10.1186/s12931-022-02083-w
https://doi.org/10.1002/9780470015902.a0024328.pub2
https://doi.org/10.1002/9780470015902.a0024328.pub2

Imani et al. Respiratory Research

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

(2022) 23:167

O'Brien K, Troendle J, Gochuico BR, Markello TC, Salas J, Cardona H, et al.
Pirfenidone for the treatment of Hermansky-Pudlak syndrome pulmonary
fibrosis. Mol Genet Metab. 2011;103(2):128-34.

Lederer DJ, Kawut SM, Sonett JR, Vakiani E, Seward SL Jr, White JG, et al.
Successful bilateral lung transplantation for pulmonary fibrosis associ-
ated with the Hermansky-Pudlak syndrome. J Heart Lung Transplant.
2005;24(10):1697-9.

El-Chemaly S, O'Brien KJ, Nathan SD, Weinhouse GL, Goldberg HJ,
Connors JM, et al. Clinical management and outcomes of patients with
Hermansky-Pudlak syndrome pulmonary fibrosis evaluated for lung
transplantation. PLoS ONE. 2018;13(3): e0194193.

Chiang PW, Oiso N, Gautam R, Suzuki T, Swank RT, Spritz RA. The Herman-
sky-Pudlak syndrome 1 (HPS1) and HPS4 proteins are components of two
complexes, BLOC-3 and BLOC-4, involved in the biogenesis of lysosome-
related organelles. J Biol Chem. 2003;278(22):20332-7.

Gerondopoulos A, Langemeyer L, Liang JR, Linford A, Barr FA. BLOC-3
mutated in Hermansky-Pudlak syndrome is a Rab32/38 guanine nucleo-
tide exchange factor. Curr Biol. 2012;22(22):2135-9.

Zhou'Y, He CH, Herzog EL, Peng X, Lee CM, Nguyen TH, et al. Chitinase
3-like-1 and its receptors in Hermansky-Pudlak syndrome-associated lung
disease. J Clin Investig. 2015;125(8):3178-92.

Bollong MJ, Yang B, Vergani N, Beyer BA, Chin EN, Zambaldo C, et al. Small
molecule-mediated inhibition of myofibroblast transdifferentiation for
the treatment of fibrosis. Proc Natl Acad Sci USA. 2017;114(18):4679-84.
Wernig G, Chen SY, Cui L, Van Neste C, Tsai JM, Kambham N, et al. Unify-
ing mechanism for different fibrotic diseases. Proc Natl Acad Sci USA.
2017;114(18):4757-62.

Cullinane AR, Yeager C, Dorward H, Carmona-Rivera C, Wu HP, Moss J,

et al. Dysregulation of galectin-3. Implications for Hermansky-Pudlak syn-
drome pulmonary fibrosis. Am J Respir Cell Mol Biol. 2014;50(3):605-13.
Bond JE, Bergeron A, Thurlow P, Selim MA, Bowers EV, Kuang A, et al.
Angiotensin-Il mediates nonmuscle myosin Il activation and expres-

sion and contributes to human keloid disease progression. Mol Med.
2011;17(11-12):1196-203.

Liang CC, Park AY, Guan JL. In vitro scratch assay: a convenient and
inexpensive method for analysis of cell migration in vitro. Nat Protoc.
2007;2(2):329-33.

Lo CM, Buxton DB, Chua GC, Dembo M, Adelstein RS, Wang YL. Nonmus-
cle myosin llb is involved in the guidance of fibroblast migration. Mol Biol
Cell. 2004;15(3):982-9.

Bennett RD, Mauer AS, Strehler EE. Calmodulin-like protein increases
filopodia-dependent cell motility via up-regulation of myosin-10. J Biol
Chem. 2007;282(5):3205-12.

Sandquist JC, Swenson K, Demali KA, Burridge K, Means AR. Rho

kinase differentially regulates phosphorylation of nonmuscle myosin
Ilisoforms A and B during cell rounding and migration. J Biol Chem.
2006;281(47):35873-83.

Beach JR, Hussey GS, Miller TE, Chaudhury A, Patel P, Monslow J, et al.
Myosin Il isoform switching mediates invasiveness after TGF-beta-
induced epithelial-mesenchymal transition. Proc Natl Acad Sci USA.
2011;108(44):17991-6.

BetapudiV, Rai V, Beach JR, Egelhoff T. Novel regulation and dynamics

of myosin Il activation during epidermal wound responses. Exp Cell Res.
2010;316(6):980-91.

Yang S, Zhong Q, Qiu Z, Chen X, Chen F, Mustafa K, et al. Angiotensin

Il receptor type 1 autoantibodies promote endothelial microparti-

cles formation through activating p38 MAPK pathway. J Hypertens.
2014,32(4):762-70.

Haack KKV, Mitra AK, Zucker IH. NF-kB and CREB are required for angio-
tensin Il type 1 receptor upregulation in neurons. PLoS ONE. 2013;8(11):
€78695.

Wong PC, Price WA Jr, Chiu AT, Duncia JV, Carini DJ, Wexler RR, et al. Hypo-
tensive action of DUP 753, an angiotensin Il antagonist, in spontaneously
hypertensive rats. Nonpeptide angiotensin Il receptor antagonists: X.
Hypertension. 1990;15(5):459-68.

Faour WH, He Y, He QW, de Ladurantaye M, Quintero M, Mancini A, et al.
Prostaglandin E(2) regulates the level and stability of cyclooxygenase-2
MRNA through activation of p38 mitogen-activated protein kinase

in interleukin-1 beta-treated human synovial fibroblasts. J Biol Chem.
2001;276(34):31720-31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 10 of 10

Sica DA, Gehr TW, Ghosh S. Clinical pharmacokinetics of losartan. Clin
Pharmacokinet. 2005;44(8):797-814.

Diop-Frimpong B, Chauhan VP, Krane S, Boucher Y, Jain RK. Losartan inhib-
its collagen | synthesis and improves the distribution and efficacy of nan-
otherapeutics in tumors. Proc Natl Acad Sci USA. 2011;108(7):2909-14.
Yao HW, Zhu JP, Zhao MH, Lu Y. Losartan attenuates bleomycin-induced
pulmonary fibrosis in rats. Respiration. 2006;73(2):236-42.

Guo F,SunVYB, Su L, Li S, Liu ZF, Li J, et al. Losartan attenuates paraquat-
induced pulmonary fibrosis in rats. Hum Exp Toxicol. 2015;34(5):497-505.
Couluris M, Kinder BW, Xu P, Gross-King M, Krischer J, Panos RJ. Treatment
of idiopathic pulmonary fibrosis with losartan: a pilot project. Lung.
2012;190(5):523-7.

Yokohama S, Tokusashi'Y, Nakamura K, Tamaki Y, Okamoto S, Okada M,

et al. Inhibitory effect of angiotensin Il receptor antagonist on hepatic
stellate cell activation in non-alcoholic steatohepatitis. World J Gastroen-
terol. 2006;12(2):322-6.

Dennis MK, Delevoye C, Acosta-Ruiz A, Hurbain I, Romao M, Hesketh

GG, et al. BLOC-1 and BLOC-3 regulate VAMP7 cycling to and from
melanosomes via distinct tubular transport carriers. J Cell Biol.
2016;214(3):293-308.

Young LR, Gulleman PM, Short CW, Tanjore H, Sherrill T, Qi A, et al. Epithe-
lial-macrophage interactions determine pulmonary fibrosis susceptibility
in Hermansky-Pudlak syndrome. JCl insight. 2016;1(17): e88947.

Tager AM, LaCamera P, Shea BS, Campanella GS, Selman M, Zhao Z, et al.
The lysophosphatidic acid receptor LPAT links pulmonary fibrosis to lung
injury by mediating fibroblast recruitment and vascular leak. Nat Med.
2008;14(1):45-54.

Yuan B, Latek R, Hossbach M, Tuschl T, Lewitter F. siRNA Selection Server:
an automated siRNA oligonucleotide prediction server. Nucleic Acids Res.
2004;32:W130-4.

Lawson ND, Weinstein BM. In vivo imaging of embryonic vascular devel-
opment using transgenic zebrafish. Dev Biol. 2002,248(2):307-18.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Dysregulated myosin in Hermansky-Pudlak syndrome lung fibroblasts is associated with increased cell motility
	Abstract 
	Background
	Results
	Enhanced HPSLF migration in vitro
	Enhanced migration of HPSLF is myosin IIB dependent
	A BLOC3-dependent mechanism modulates myosin IIB level in HPSLF
	Pharmacological blockade of MYH10 expression blocks HPSLF migration in vitro
	Losartan alters HPSLF migration in vivo

	Discussion
	Methods
	Human lung tissues collection
	RNA interference
	Flow cytometry
	Western blotting
	Scratch assay
	Cell proliferation assay
	RNA extraction and real-time polymerase chain reaction
	Immunofluorescence microscopy
	Injections and analysis of human fibroblast cells in zebrafish embryos
	Statistical analysis

	Acknowledgements
	References


