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Tight junctions (TJs) are fundamental features of both epithelium
and endothelium and are indispensable for vertebrate organ
formation and homeostasis. However, mice lacking Occludin (Ocin)
develop relatively normally to term. Here we show that Ocln is
essential for mammary gland physiology, as mutant mice fail to
produce milk. Surprisingly, Oc/n null mammary glands showed in-
tact TJ function and normal epithelial morphogenesis, cell differ-
entiation, and tissue polarity, suggesting that Oc/n is not required
for these processes. Using single-cell transcriptomics, we identified
milk-producing cells (MPCs) and found they were progressively
more prone to endoplasmic reticulum (ER) stress as protein pro-
duction increased exponentially during late pregnancy and lacta-
tion. Importantly, Oc/n loss in MPCs resulted in greatly heightened
ER stress; this in turn led to increased apoptosis and acute shut-
down of protein expression, ultimately leading to lactation failure
in the mutant mice. We show that the increased ER stress was
caused by a secretory failure of milk proteins in Ocin null cells.
Consistent with an essential role in protein secretion, Occludin
was seen to reside on secretory vesicles and to be bound to SNARE
proteins. Taken together, our results demonstrate that OcIn pro-
tects MPCs from ER stress by facilitating SNARE-dependent protein
secretion and raise the possibility that other T) components may
participate in functions similar to Ocin.

alveolar differentiation | ER stress | unfolded protein response | vesicular
trafficking

Tight junctions (TJs) are fundamental features of both epithelia
and endothelia, where their “barrier” function prevents free
exchange of nutrients, wastes, and metabolites between tissues and
their environment (1). Located at the apical-basolateral juncture,
TJs are also thought to form a structural platform on which
multiple signaling cascades converge and integrate and are po-
tentially essential for the emergence of various tissues and organs
during metazoan evolution. As such, much effort has been devoted
to understanding TJ functions in vertebrate organ development,
homeostasis, and pathogenesis (2, 3).

At the protein level, TJs are composed of multiple components,
including members of the four-pass transmembrane proteins that
are part of the Occludin (OCLN) and Claudin families. TJs are
also composed of “nonresident” cytoplasmic components, such as
members of the ZO family, which connect TJs to the cytoskeleton
by binding to actin filaments (4-6). Although OCLN was the first
transmembrane TJ component discovered almost three decades
ago, the full scope of its physiological functions has remained
controversial (7). While initial in vitro studies showed that Ocln is
indispensable for TJ function, they contradicted studies from
in vivo experiments showing that mouse embryonic stem cells
lacking Ocln form intact TJs and that mutant embryos develop
normally to term (4, 8). However, Ocln null mice do exhibit defects
in certain organs later in life, including the salivary gland, stomach,
brain, and inner ear (8, 9), suggesting an unknown role of Ocln in
homeostasis and maintenance of these organs.

As a secretory organ readily amenable to experimental ma-
nipulations, the mouse mammary gland has recently emerged as
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an invaluable system for dissecting TJ functions (10, 11). Unlike
most other epithelial organs, the morphogenetic and cell differ-
entiation processes and physiological functions of the mammary
gland mostly occur during postnatal life. For example, at birth, the
mammary gland is a simple ductal tree composed of only a few
epithelial branches, with much of its stromal fat pad free of epi-
thelium (12-14). It is only during puberty (which starts at 3 wk of
age in mice), when active epithelial invasion initiates via a process
known as branching morphogenesis until the fad-pad is completely
filled with mammary epithelium (15, 16). During pregnancy, the
epithelial tree undergoes alveologenesis where alveoli form on
both sides of the epithelial branches and luminal cells undergo a
concomitant maturation process (17, 18). These morphogenetic
and differentiation processes are finely regulated by systemic
hormones, including estrogen, progesterone, and prolactin, and
their corresponding downstream signaling pathways (19-21).
The synthesis of milk components starts some time during
pregnancy as part of the luminal maturation process (22). At this
stage, these components are packaged mainly into cytoplasmic
lipid droplets (CLDs) or secretory vesicles (SVs) containing ag-
gregates of milk proteins, also known as casein micelles (CMs)
(23-25). Secretory activation does not occur until parturition,
due to a combination of progesterone withdrawal and a sharp
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prolactin increase, along with other possible changes in systemic
or local factors (10, 11). As such, SVs fuse with the plasma
membrane via a poorly understood exocytotic process and release
their protein contents into the enlarging lumen (26). Once milk
proteins have been secreted into the alveolar lumen, myoepithelial
cells, under the stimulation of oxytocin, contract and squeeze the
milk along the ductal network and eventually deliver nutrients to
the nipple (27, 28).

Thus, the unique postnatal development and maturation pro-
cesses make the mammary gland an ideal model for studying the
role of Ocln and other TJ components in organ homeostasis and
maintenance. Indeed, increasing evidence now shows that TJ in-
tegrity is essential for the secretory function of the mammary gland
(22,29, 30). As a defining feature of epithelial organs, for example,
TJs are essential for tissue polarity (31) and thus are indispensable
for mammary gland physiology. In addition, TJs of the mammary
epithelium, which are initially very leaky and permeable to large
metabolites during pregnancy, undergo a rapid “closure” process
whereby they become much more impermeable on parturition
(10, 11). Compromise to this closure process from a chemical
insult (e.g., EGTA treatment), a pathological insult (e.g., inflam-
mation due to mastitis), or increased intraluminal pressure due to
milk stasis when suckling is stopped often leads to a reduction or
cessation of milk secretion (32, 33).

Studies have shown that members of the Claudin and ZO
families are expressed during mammary gland development (29).
However, the precise role of these TJ components has remained
largely unclear. A previous study found that mice lacking Ocln
fail to nurse their young due to unknown reasons (8). In the
present study, we hypothesized that Ocln is essential for milk
secretion by regulating TJ function. Here we report data from
our test of this hypothesis using a combination of genetics, bio-
chemistry, confocal and electron microscopy, single-cell tran-
scriptomics, and various other assays.

Results

Pups of Female Mice Lacking Oc/n Died Shortly after Birth due to
Severe Starvation because of Defective Mammary Gland Function.
Consistent with a previous report (8), we found that pups born to
Ocln™" mice, which included all three genotypes Ocln*'*, Ocin =/,
and Ocln™'~, died within 48 h after birth (Fig. 14). Moreover, their
weight gain, as measured every 2 h during the first 48 h, was
slower than that seen in pups born to Ocln*™" or ™+ female mice
(Fig. 1B). Using both an indirect (Fig. 1C) and direct (Fig. 1D)
measurements of milk production (34), we found that Ocln null
mice produced nearly 75% less milk compared with Ocln*'* and
Ocln™* mice. Because we observed no obvious differences be-
tween Ocln™* and Ocln™* control mice in these assays, we decided
to use Ocln ™" mice as the control mice for all subsequent analyses.

Interestingly, despite reduced milk production, both the con-
centration and composition of milk proteins of Ocln null mice
were similar to those of the control mice (Fig. 1 E and F). In-
deed, an extensive analysis of milk protein composition using
mass spectrometry showed that most of the major milk proteins,
including casein proteins, were expressed at similar levels in Ocln
null and control mice (SI Appendix, Fig. S14). Taken together,
these data indicate that pups born to Ocln null mice died because
of severely reduced milk production in the mutant mice.

Whole-mount staining with carmine aluminum dye revealed
the presence of a mature epithelial tree (Fig. 1 G and H) in both
10-wk-old adult Ocln null and control mice, and showed that
their ductal networks were elaborated to a similar extent with
alveolar structures during late pregnancy (Fig. 1 I-L). These data
suggest that alveolar morphogenesis is not defective in Ocln
null mice.

Pups of Ocln null mice may die for various reasons (SI Appendix,
Fig. S1B); for example, pups may die because Ocln null dams had
defective nursing behavior and failed to feed their pups. There-
fore, we separated female mice from their pups and measured the
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Fig. 1. Pups of female mice lacking Oc/n died shortly after birth due to severe starvation because of defective mammary gland function. (A) Kaplan-
Meier survival analysis of the pups born to Oc/n null homozygotes (7'~; n = 22), heterozygotes (*; n = 41), and wild-type (*"*; n = 18) female littermates.
(B) Time course of weight gains of pups nursed by Oc/n™~ (n = 3), OcIn™"* (n = 6), and Oc/n*'* (n = 3) female mice. (C) Milk production as measured by the
weight gain of pups during 30 min of feeding time after a 2-h separation from nursing Oc/n female mice. (D) Milk volume as measured by direct harvests
from the nipple. (E) Milk protein concentrations. (F) Milk protein composition as measured by Western blot analysis and Coomassie blue staining. (G-L)
Epithelial morphology as indicated by whole-mount mammary gland staining with carmine red (G-J) and H&E staining (K and L) in Oc/n null and control
mice. (Scale bars: 4 mm in G—J; 50 pm in K and L.) (M) Time measured in seconds that took a nursing dam to retrieve pups separated from her. There were
no significant differences in pup retrieval time between| Oc/n null and control mice. (N and O) Serum oxytocin (N) and prolactin (O) levels in Oc/n null and
control mice, as detected by enzyme-linked immunosorbent assay. N.S., not significant. N.S. > 0.05; *P < 0.05; ****P < 0.0001.
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amount of time that it took for the dams to retrieve pups to their
nests for feeding. We observed a similar retrieval time in the Ocln
null and control mice (Fig. 1M), suggesting that Ocln null mice did
not suffer from defective nursing behavior. Alternatively, milk
production may be reduced in Ocln null dams as a result of a
systemic defect due to, for example, reduced levels of oxytocin or
prolactin, both of which are produced by the pituitary gland and
promote milk release or production through the myoepithelium or
luminal epithelium, respectively. However, serum oxytocin and
prolactin levels were similar in the Ocln null and Ocln™"* control
mice (Fig. 1 N and O).

Based on the foregoing findings, we concluded that pups of
Ocln null females died from severe starvation due to reduced
milk production by mutant dams. Furthermore, we concluded
that the defects were most likely intrinsic to the mammary gland
rather than extrinsic due to neurologic or systemic anomalies in
mutant mice.

Luminal Epithelium Expressed OCLN and Was Defective in Mutant
Mammary Glands. To determine whether mutant mammary glands
were able to release milk on stimulation, we treated fresh whole-
mount mammary glands with either oxytocin or PBS as a vehicle
control. While PBS elicited no response from the mammary
glands, we found that milk was released into the mammary ducts
when both Ocln null and Ocln™* control mammary glands were
stimulated by oxytocin (Fig. 24). Indeed, we found that organoid,
or a piece of mammary epithelium, preparations from both Ocln
null and Ocln™"* control mice responded to oxytocin treatment
in vitro (Fig. 2B) and contracted at a similar frequency on
stimulation (Fig. 2C and Movies S1 and S2).

The results so far showed that the myoepithelium was func-
tionally normal and implied that the cause of lactation failure
likely resided in the luminal epithelium, which is responsible for
making milk in the mammary glands. To test this possibility, we
first determined the spatiotemporal expression of Ocln during
mammary gland development. Using quantitative real-time PCR
(qPCR), we found that Ocln mRNA was expressed at all stages
examined, including epithelial branching, pregnancy, lactation, and
involution stages (Fig. 2D). Furthermore, using cDNA template
preparations from different subpopulations of mammary gland
cells, we found that Ocln was expressed in luminal epithelial cells
and was absent from both basal cells and stromal fibroblasts (Fig. 2
E and F).

Indeed, using immunofluorescence microscopy, we found that
OCLN protein was present in apical domains of the K8* luminal
epithelium and was absent from basal/myoepithelium, which was
marked by smooth muscle actin expression at both 6 wk of age
and during the L2 stage (Fig. 2 G-J'). We did not observe OCLN
expression in Ocln null mice (Fig. 2 K-L’). Furthermore, serial
scanning of the mammary gland alveoli along the z-axis (Fig. 2
M-M3') revealed that in addition to punctate staining on the
apical surfaces facing the lumen, OCLN was enriched at apical
cell-cell boundaries (Fig. 2 M2-M3’). This is consistent with
OCLN being a TJ component, as indicated by the data from our
immunoelectron microscopy studies (see Fig. 74").

Taken together, the foregoing data show that luminal epithe-
lium is the tissue layer in which OCLN is expressed and is most
likely the defective tissue responsible for the lactation failure
phenotype observed in Ocln null mice. The evidence presented
thus far is consistent with our hypothesis that Ocln regulates TJ
functions essential for milk secretion.

Tissue Polarity and TJ Integrity Were Not Compromised by the Absence
of Ocln in Mutant Mammary Glands. As a TJ component, Ocln may
be essential for milk secretion by regulating one or both aspects
of TJ function in the mammary gland, including epithelial polar-
ity and/or barrier function. Thus, we first sought to determine
whether tissue polarity was defective in Oclir null mammary glands.

4760 ' | www.pnas.org/cgi/doi/10.1073/pnas.1909731117

Using immunofluorescence against several polarity markers, in-
cluding Ezrin, which denotes the apical surface; GM130, which
marks Golgi orientations; and E-cadherin, which is expressed in
the basolateral domains, we found that epithelial polarity was
overall normal in Ocln null glands (Fig. 3 A-C).

We next evaluated whether TJs were normal in Ocln mutant
glands. Using qPCR, we found that mRNA expression levels of
members of the Claudin and ZO families, including Claudin3, 4,
5,7,8,and 11 and ZOlI, 2, and 3, were all normal when Ocln null
and control mammary glands were compared at pregnancy day
17 (P17) and at lactation day 2 (L2) (Fig. 3D and SI Appendix,
Fig. S24). Using immunofluorescence against some of these TJ
components, including CLDN4, CLDN7, and ZO1, we confirmed
that their protein expression indeed was not significantly changed
in Ocln null mice compared with control mice at the L2 stage (Fig.
3 E-G). Furthermore, using transmission electron microscopy
(TEM), we observed morphologically normal TJs in both mutant
and control mammary glands at the L2 stage (Fig. 3H).

Next, we directly tested whether the best-characterized “barrier”
function of TJs was compromised in Ocln null glands. To this end,
we used a biotin-labeled fluorescent exclusion dye and examined
the “leakiness” of the alveolar epithelium under different treat-
ment conditions. As expected, EGTA treatment made the alveoli
leakier, as evident from dye influx into the lumen, presumably due
to the disruption of the TJ barrier and other cell—ell adhesions (S7
Appendix, Fig. S2B). No dye was observed in the lumen in medium
lacking EGTA in either Ocln null or control alveoli, suggesting
that barrier function was normal in both null and control epi-
thelium (SI Appendix, Fig. S2B). Moreover, we measured
transepithelial electrical resistance (TEER) to directly evaluate
paracellular ion transportation in both Ocln null and control
alveolar epithelia. We detected an increase in TEER when
epithelial cells were treated with prolactin and dexamethasone
but otherwise observed generally similar results in Ocln null
and control alveolar epithelia (Fig. 31).

Taken together, these results suggest that Ocln is not required
for either tissue polarity or TJ integrity in the luminal epithelium.
Thus, contrary to our aforementioned hypothesis, the data indicate
that a defect in tissue polarity or TJ function is not the likely cause
of lactation failure in Ocln mutant mice.

Ocln Was Not Required for Alveolar Morphogenesis or Cell Differentiation.
It is possible that Ocln may be required for alveolar differenti-
ation and thus for mammary gland milk production. Thus, we
next examined mRNA expression of several essential regulators
of this process, including Elf5, C/EBPb, RankL, Esrl, and others.
We observed no significant differences in the expression of these
regulators between Ocln null and control mice (SI Appendix, Fig.
S3A4). Moreover, activation of STATSa, an essential downstream
effector of prolactin signaling, was also normal in Ocln mutant
mammary glands, based on its phosphorylation status as measured
by Western blot analysis (ST Appendix, Fig. S3 D and C). Finally,
we examined mRNA expression of an array of differentiation
markers of the alveolar epithelium, including a-lactalbumin and
Wap, and found that they were expressed at similar levels in Ocln
null and control mammary epithelium (SI Appendix, Fig. S3D).
Taken together, the forgoing data show that luminal epithelial
differentiation was largely normal in the Ocln null mice. Thus, Ocln
likely is not required for alveologenesis in the mammary gland.

OclIn-Deficient Mammary Glands had a Lower than Normal Percentage
of Milk-Producing Cells due in Part to an Increase in Apoptosis. Al-
though alveologenesis was overall normal in Ocln null mice, it is
possible that differentiated cells, such as milk-producing cells
(MPCs), may require Ocln for subsequent clonal expansion, sur-
vival, or other aspects of normal homeostasis and function. Be-
cause a reliable method for identifying MPCs is not yet available,
we used the recently developed single-cell RNA sequencing
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Fig. 2. Luminal epithelium expressed OCLN and was defective in mutant mammary glands. (A) Whole mammary glands from Oc/n™* and OcIn™" littermates
were treated with PBS or PBS containing 20-mg/mL oxytocin, and the expulsion of milk into the ducts was evaluated. Arrowheads indicate milk release into
the ducts after oxytocin exposure. (Scale bars: 2 mm.) (B and C) Mammary gland organoids were stimulated by oxytocin (B; 20 mg/mL) and the number of
contractions was quantified in the presence (+) or absence (-) of oxytocin when observed under a differential interference contrast microscope. (Scale bars:
20 pm.) (D-F) Ocln mRNA expression levels as detected by gPCR. (D) RNA was harvested from mammary glands from female mice at 5 wk and 10 wk of age as
virgins and at the P2, P10, P17, L1, and 12 stages. Values were normalized against actin expression, and Oc/n expression at 5 wk was set as the base value
against which other stages were compared. Data in the graph are mean + SD. (E and F) MECs were sorted based on their expression of CD24 and integrin-a6
(CD49f). CD24™4CDA9f" cells were basal cells, CD24"CD49f'°" cells were luminal cells, and CD24"9CD49f"*9 were stromal cells. RNA was harvested from the
three cell partitions to generate DNA templates for gPCR reactions (F). (G-M3’) OCLN protein expression as detected by immunofluorescence at 6 wk after
birth (G-H’) and on L2 (I-L’). (G-J') OCLN expression, indicated by green (G, G, /, and /') or red (H, H’, J, and J’), was restricted to the luminal layer, which
expresses K8 (green in G, G, /, and I'), and was not found in the basal layer, which expressed smooth muscle actin (SMA; H, H’, J, and J'). (K-L’) OCLN protein
expression was present in the Oc/n ~* but not in the Ocin™"-, mammary epithelium. OcIn™*, n = 4; OcIn™~, n = 4. The area in the dotted white box is shown in
a close-up view on the right. (Scale bars: 10 pm.) (M-M3’) Serial scan along the z-axis showing close-up views (M7-M3) of an OCLN immunofluorescent-stained
alveolus on L2 (M). (M1'-M3’) cartoon diagrams of M7-M3 to depict various areas of OCLN localization in the cell, from basal-lateral to apical membranes,
which face the lumen, as lasers scanned progressively toward the bottom of the alveolus. Note that views in M2-M3’ accentuated OCLN staining at the cell
boundaries, presumably because of its location to the TJs, as confirmed by immunoelectron microscopy (see Fig. 7A’). (Scale bar: 20 pm.) N.S. > 0.05; *P < 0.05;
**%k*P < 0.0001.
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families as detected by qPCR at the P17 and L2 stages. Values were normalized against actin expression, and the expression of each gene in Oc/n™* at P17 was
set as base value against which other stages were compared. The multiple t test was performed for statistical analysis, and SEM was used. (E-G) Protein
expression (green) of CLDN4 (E), CLDN7 (F), and ZO1 (G), as detected by immunofluorescent staining at the L2 stage. Actin filament (red) was detected using
phalloidin-Alexa 633. Samples were counterstained with nuclear dye DAPI (blue). (Insets) Close-up views of the epithelia. Ocln™, n=3; Ocln™"", n=3.(H) TJs
of the alveolar epithelial as revealed by TEM in Oc/n™* and Oc/n™" mice at the L2 stage. MV, microvilli. Black arrowheads denote TJs. (Scale bar: Left, 200 nm;
Right, 350 nm.) (/) Time course of transepithelial electrical resistance of Oc/n™* and Oc/n™~ mammary epithelia cultured in Transwell inserts under the
conditions indicated. N.S. > 0.05; ***P < 0.001.

(scRNA-seq) technology to isolate MPCs from Ocln null and To determine marker genes specific to MPCs, we used recently
control mammary glands in an unbiased manner. To this end, we  published databases of single-cell transcriptomics at various stages
prepared cDNA libraries from 1,463 mammary epithelial cells of mammary gland development (GSE106273) (35). We first
(MEGS) from Ocln null mice and 1,960 MECS from Ocln ™" mice  identified the luminal subpopulation of MECs and their corre-
at the L2 stage and then subjected them to sequencing (Fig. 44).  sponding markers, then isolated MPCs from this luminal population

4762 ' | www.pnas.org/cgi/doi/10.1073/pnas. 1909731117 Zhou et al.

www.manaraa.com


https://www.pnas.org/cgi/doi/10.1073/pnas.1909731117

Downloaded at Palestinian Territory, occupied on December 24, 2021

A single cell capture library construction

0 Py - Read 1 Poly(dT) Read2 P7 .
& — e T > g ® > AR XF A —> Sequencing
P5 Poly(dT)
10x barcode

dissociatioh . FACS

llllllllll llllllllllllllllllll 7§ Taglnz !10§
Widc18 : Rpidat 'g:
: IllﬂrIIIIIIHIIIInlllillllllllllllllllllllllllll[[. Cldns 10 : j Ath2b :
: i ‘ Muc15 " : Barx2 6:
3 'l il ‘ 8 = | Aldh1a3 :
] i w‘| | Krt18 : 4:
: \IlIIIIIIIII\IIIlII\llIHHIIIIIIHI\IIIHIIIH\MIHI T IEtf 6 - g|r|'<§1 .
S0 1000 o1 S s ccnd1 | [myl9 :
: H“ MMH!M!M IH'”I!IM\I.H‘IIIHNHI gsns 4 ¢ I Fcgbp |[chn1 (Mo
: || Ed1a 2 Tagin, [
T e A
mo = a -
Oxtr : tgﬁ;a Sparc :
Ppp1ri4a c H W Wap g nTns :
E2§\1129a lusters : T Csn1s1 || BPR! :
L%?ppoz : i Cd36 Clusters :
Tshz2 : FUA LI 1 :
lllllllllllllllllllllllll..' ostn = ||| ! Il'll d p .2 E
lllllIlllllllllllllllll...' ! |I| G cam1 3 :
C
J:. e = : - s e = luminal cells
Intermediateé  Milk-producing  Milk-producing  Intermediate ‘g@%a m1 D 2 milk producing cells
Wfdc18
' I | gsn? ) 100
snis -
Lalba \\\
Ltf \
grf , o :
Kri18 4
Epcam t
m Lao1 [ \
I lh] | | Cldn3 o o
Plet1 ] B0
Muc15 =1 R
Ctsh - I
Cd14 RRRRRIRS
Ll Cd36
\ [ LA i Il Fabp3
Lol OclIn”
-/ A
E Ocin Ocin F 2 4 wo
— = /
% 8 3 Oclin
=) a2y
= 49
— o ] 01
° 4
T
S = O
z R

IR PN

Fig. 4. OcIn-deficient mammary glands had a below-normal percentage of MPCs, due in part to an increase in apoptosis. (A) Diagram depicting the ex-
perimental procedures of single-cell analyses of Oc/n™* and Oc/n™~ mammary glands to determine the percentage of MPCs in these glands. (B and B')
Identification of marker genes of MPCs using published single-cell transcriptomics (35). (B) Heat map of epithelial subtypes and their gene expression levels
during lactation. (B’) Luminal cells during lactation were further analyzed and divided into subtypes. The milk-producing subtype was identified along with
their 20 most highly expressed marker genes. (C and D) Subtyping of luminal epithelial cells using these 20 MPC marker genes to identify the percentages
of MPCs in Oc/n™"* and Oc/n™'~ mice (C). Percentages of MPCs among all luminal cells in Oc/n™"* and Oc/n™'~ mice (D). The two-sided y? test was performed
for statistical analysis. (E and F) Cell death as detected by TUNEL staining (green) at the P5, P10, P17, and L2 stages (E) and as quantified (F). No sta-
tistically significant differences were detected at the times indicated (unpaired two-tailed Student’s t test). (Scale bars: 20 pm.) N.S. > 0.05; *P < 0.05;
****p < 0.0001.

and identified their corresponding top-20 marker genes (Fig. 4B’).  found that MPCs accounted for 60% of the total luminal cells in
After filtering out low-quality cells and basal cells, we were left ~ Ocln™* glands, compared with only 45% in Ocln null glands (Fig.
with 910 Ocln null and 1,425 control luminal cells, which were  4D). Thus, the data indicate that the percentage of MPCs in the
further subdivided into MPCs and intermediate cells using the  luminal epithelium was 15% lower in Ocln null glands compared
aforementioned 20 MPC-specific marker genes (Fig. 4C). We  with control glands.

Zhou et al. PNAS | March3,2020 | vol. 117 | no.9 | 4763
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To determine the cause of the reduced MPC percentage
in the luminal epithelium, we assayed cell proliferation and
death using 5-ethynyl-2 “-deoxyuridine incorporation and terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
analyses, respectively, during various stages of pregnancy and
lactation. We found similar percentages of proliferating cells in
Ocln null glands and control glands at all stages examined (SI
Appendix, Fig. S4 A and B). In contrast, the percentage of apo-
ptotic cells in Ocln null glands was similar to that in control glands
at most stages except the L2 stage, when it was threefold higher
in Ocln null glands (Fig. 4 E and F).

Taken together, these data reveal a 15% decrease of MPCs in
Ocln null mammary glands compared with control glands, pre-
sumably due, at least in part, to increased cell death in the
mutant glands during lactation. However, this 15% reduction of
MPCs in Ocln null luminal epithelium is difficult to fully account
for the lactation failure in the mutant gland, which had 75% less
milk production than control glands (Fig. 1 C and D).

Alveolar Cells Lacking Ocln Showed Heightened Endoplasmic Reticulum
Stress and Unfolded Protein Response. To determine the cause of
increased cell death in Ocln null cells, we directly compared lu-
minal Ocln-expressing cells from both null and control glands and
examined changes in gene expression as a result of Ocln loss. We
identified the 82 most up-regulated and down-regulated genes
(81 Appendix, Fig. S54) and performed Gene Ontology analysis
to identify their functional relationships. Remarkably, 14 of these
82 genes, all of which were up-regulated, belonged to the en-
doplasmic reticulum (ER) stress and unfolded protein response
(UPR) pathways, while 10 belonged to the apoptotic signaling
pathway (Fig. 5 A and B and SI Appendix, Figs. SSB and S6A4).

Previous studies have shown that ER stress and UPR are up-
regulated during milk production (36, 37). To determine whether
the up-regulation of ER stress and UPR in Ocl/n null glands is
normal, we first sought to mine the published scRNA-seq data-
sets during virgin, pregnancy, lactation, and involution stages
(35). We identified a progressive increase in the percentage of
cells with high ER stress levels from the virgin to pregnancy and
lactation stages. The percentage of cells with high ER stress
during involution, when the demand for protein translation and
secretion is no longer high, similarly returned to a state indistin-
guishable from that of virgin females (Fig. 5 C and D). These data
confirm that increased ER stress is a normal aspect of lactation
physiology, presumably due to a heightened load of protein pro-
duction in the ER-Golgi secretory pathway.

We next examined expression levels of the 14 genes in the ER
stress and UPR pathway from Ocln null and Ocln™* glands. We
found that in both types of glands, MPCs could be subdivided
into two groups: one with low ER stress levels and another with
high ER stress levels (Fig. 5C). Indeed, in Ocln null glands, 90%
of the MPCs were in the high ER stress group, and only 10%
were in the low ER stress group. This is in contrast to the control
glands, in which the majority of the MPCs (80%) were in the low
ER stress group.

Taken together, our data suggest that Ocln is required to re-
lieve stress normally imposed by the high demand of protein
translation and secretion during pregnancy and lactation; in its
absence, ER stress is not relieved in luminal epithelial cells,
leading to an increase in the percentage of MPCs expressing high
ER stress and UPR.

Milk Protein Secretion Was Defective in Oc/n Mutant Mammary
Glands. While prolonged or long-term ER stress can lead to
apoptosis, an immediate or short-term response to ER stress is
often the shutdown of the protein translation machinery (38).
Therefore, we predicted that milk protein expression would be
reduced in Ocln null mammary glands. To test this possibility, we
used immunofluorescence microscopy to examine [-casein expression

4764 ' | www.pnas.org/cgi/doi/10.1073/pnas.1909731117

during pregnancy and lactation. We found p-casein expression by
alveolar epithelial cells at the P17 stage, when it was also found in the
lumen (Fig. 6 A and A’). By the L2 stage, p-casein expression was
greatly increased, as evidenced by a huge buildup close to the apical
surface (Fig. 6 C and C’). Surprisingly, we found that although
B-casein was expressed by Ocln null alveolar cells at P17, it was
mostly perinuclear rather than being secreted into the lumen as in
the control alveolus (Fig. 6 B and B’). By the L2 stage, p-casein
expression was indeed greatly diminished in Ocln null alveoli, as
predicted (Fig. 6 D and D’).

The perinuclear presence of p-casein, presumably an indica-
tion of its accumulation in the ER-Golgi secretory pathway, may
result from defective secretion of milk proteins. To test this
possibility, we examined tissue preparations from Ocln null and
control mammary glands by TEM at the L2 stage. We observed a
large number of SVs, each containing a few CMs, close to the
apical membrane in Ocln control alveolar cells (Fig. 6 E-H).
Interestingly, the SVs in Ocln null alveolar cells were often larger
and contained a greater number of CMs that were often larger
and more irregular than those in Ocln™* glands (Fig. 6 I-O and
SI Appendix, Fig. S7 A-D).

Together, these data support the function of Ocln in regulating
protein secretion. Thus, in the absence of Ocln function, milk
protein secretion becomes defective. This then leads to protein
buildup in the secretory pathway and subsequent increases in ER
stress and UPR in the mutant alveolar cells. These findings sug-
gest that the lactation phenotype observed in Ocln null mammary
glands is an indirect consequence of down-regulation of milk pro-
tein expression due to increased ER stress in the absence of Ocln
function.

OCLN Localized to Secretory Vesicles and Bound to SNARE Proteins.
Ocln may regulate protein secretion directly or indirectly. To
differentiate these two mechanisms, we examined whether
OCLN protein localized to the protein secretory machinery. Using
immunoelectron microscopy on ultrathin mammary gland tis-
sue sections at the L2 stage, we identified the presence of
OCLN in TJs, as expected (Fig. 7 A and A’). Consistent with
our immunofluorescence data showing punctate staining of
OCLN (81 Appendix, Fig. S3 D-E’), we found that OCLN was
present on microvilli on the apical surfaces of luminal epithelial
cells (Fig. 7 A and A4’). Importantly, OCLN was also detected on
the SVs (Fig. 7 A, A", and B-B), whose characteristic CMs dis-
tinguish them from endocytic vesicles. These findings suggest that
OCLN is a part of the protein secretory machinery on the SVs.

SNARE proteins are essential regulators of protein secretion
that directly participate in the fusion process between SVs and
the plasma membrane (39). OCLN may regulate protein secre-
tion and may bind to SNARE protein and directly participate in
the secretory process. Thus, we used two independent methods
to examine whether OCLN binds to SNARE proteins, including
VAMP4, SNAP23, and Syntax6 (STX6), which are expressed in
the lactating mammary gland (40). We first “tagged” OCLN and
SNARE proteins at their N termini with FLAG and hemagglu-
tinin (HA) peptides, respectively, then subjected these fusion
proteins to coimmunoprecipitation (co-IP) to test their potential
binding. We found that STX6 bound to OCLN (Fig. 7C), as did
VAMP4 and SNAP23 (SI Appendix, Fig. S8 A and B). These
in vitro data demonstrate that OCLN could bind to several SNARE
proteins.

If OCLN can bind to SNARE proteins inside living cells, they
should be able to colocalize at the same places under live imaging
microscopy. To test this possibility, we fused OCLN and SNARE
proteins at their N-termini with green fluorescent protein (GFP)
and mCherry, respectively. Lentiviral constructs expressing these
fusion proteins were then used to transfect primary MECs, which
were observed under fluorescence confocal microscopy. We found
that OCLN frequently colocalized with the SNARE proteins, and
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Fig. 5. Alveolar cells lacking Oc/n showed heightened ER stress and UPR. (A) Gene Ontology analysis of the differentially (P < 0.05) expressed genes (detailed
list in S/ Appendix, Fig. 5A) in luminal cells of Oc/n control and null mice to determine the biological processes with which these genes might be involved. Red
dots illustrate up-regulated genes; green dots, down-regulated genes. (B) Some of the highly expressed ER stress genes from Oc/n control and null single
luminal cells. Each dot indicates the expression level based on log2 of the genes in a single cell. The t test was performed for statistical analysis. (C and D)
Determination of the percentage of highly ER-stressed luminal cells from published databases of single-cell transcriptomics (35). (C) The different stages of
mammary gland development examined were 8 wk, on pregnancy day (Prg) 15, on lactation day (Lac) 6, and on involution day (Inv) 11. Red indicates en-
richment of expression of the gene set; blue, suppression of expression. (D) Percentages of luminal epithelial cells that had either high or low expression levels
of ER stress genes at these stages. (E and F) Identification of subgroups of luminal cells showing high or low levels of ER stress in Oc/n™* and OcIn™~ mice. (E)
Heatmap of expression of ER stress genes in single cells. (F) Percentages of highly or lowly ER stress cells in Oc/n™* and Oc/n™~ mice.

they often migrated together inside the cells (Fig. 7E, SI Appendix,
Fig. S6 C and D and Table S1, and Movies S3-S5).

Taken together, the foregoing data demonstrate that OCLN
localizes to SVs and could directly participate in secretion by
binding to SNARE protein in MECs.

Discussion

Previous studies have shown that mice lacking Ocln fail to nurse
their young for unknown reasons. Here we confirmed the lactation
phenotype and tested our hypothesis that Ocin is essential for milk
secretion by regulating TJ function. Consistent with this hypothe-
sis, we found that lactation failure was intrinsic to defects in the
mutant mammary gland rather than systemic in the Ocln null mice.
Furthermore, OCLN was expressed throughout mammary devel-
opment and was restricted to the luminal epithelium, where TJs
reside. Contrary to our hypothesis, however, Ocln null epithelium
showed normal morphogenesis, cell differentiation, tissue polarity,
and TJ integrity and function. Remarkably, we found that MPCs
lacking Ocln exhibited high levels of ER stress and UPR owing to
defective protein secretion. This in turn caused a shutdown of milk
protein expression in Ocln null MPCs and ultimately led to lac-
tation failure in the mutant mice. Consistent with a role in protein
secretion, OCLN resided on SVs and bound to SNARE proteins,

Zhou et al.

including VAMP4. Taken together, our results demonstrate that
Ocln directly regulates apical protein secretion.

Ocln Is Not Required for the Conventional Functions of the TJs in the
Epithelium. Our hypothesis that Ocln is essential for milk secre-
tion by regulating TJ function was based on the well-accepted
notion that TJ functions are essential for epithelial polarity and
lactation in the mammary gland (22, 29, 30). This hypothesis was
supported by our initial results showing that the defective tissue
responsible for the lactation phenotype is the luminal epithelium,
which expresses Ocln and contains MPCs. However, our sub-
sequent results showed that the expression of TJ components was
normal, and that both the morphology and functions of TJs were
unaffected by Ocln loss in the mutant mammary epithelium. The
data thus disapprove our hypothesis and conclusively demonstrate
that Ocln is not required for TJ integrity in the mammary gland.

While our data do not support the early in vitro studies sug-
gesting a conventional barrier role of Ocln (4, 7), they are con-
sistent with more recent in vivo studies showing normal TJ
assembly and maintenance despite the absence of Ocln (9). Our
findings are also consistent with the reports showing normal TJs
in the intestinal (8), gastric, bladder (41), and cochlea epithelia
lacking Ocln (42). Based on our findings, while we cannot exclude
the possibility that Ocln may function in a traditional barrier role

PNAS | March 3,2020 | vol. 117 | no.9 | 4765
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Fig. 6. Milk protein secretion was defective in Oc/n null mammary glands. (A-D’) p-casein protein expression (red) as detected by immunofluorescence on
mammary epithelium of Oc/n™* and Oc/n™'~ mice at the P17 stage (Oc/n™"*, n = 3; OcIn™~, n = 5) and the L2 stage (OcIn™*, n = 7; Ocln™"", n = 7). WGA staining
(green) marked the apical surface of the alveoli and was a demarcation of the lumen. Note that p-casein protein was perinucleus (white arrows), presumably
in the ER in null mice at P17 (B and B’), and was greatly diminished at L2 (D and D’) compared with Oc/n™* mice at these stages (A, A’, C, and C’). Samples were
counterstained with nuclear dye DAPI (blue). (Insets) Close-up views of the alveolar epithelia. (Scale bars: 10 pm.) (E-O) TEM micrographs of mammary gland
alveoli from Oc/n™* and OcIn™~ mice at the L2 stage (E-L). Note that while SVs (purple circles) usually contained a few CMs (red arrows) in Oc/n™"* alveoli, they
often contained far more CMs in Ocln™~ SVs, which were often larger than normal in mutant alveoli. Lu, lumen; Nu, nucleus. Scale bars are as indicated. (M-
0) Quantitative comparisons of SVs and CMs between OcIn™ and OcIn™~ mice. Statistical analysis was performed using t test; ***P < 0.001; ****P < 0.0001.

of TJs in certain developmental contexts, we conclude that in most
physiological conditions examined thus far, including in the
mammary gland, Ocln is not required for TJ integrity or function.

Lactation Failure of Oc/n Null Mice Is an Indirect Consequence of
Defective Milk Protein Secretion in MECs. Several lines of evidence
suggest that protein secretion is defective in Ocln null MPCs. First,
our data show that OCLN directly resides on the membranous
structures along the secretory pathway, including SVs and the
plasma membrane. Second, both co-IP and live-imaging micros-
copy experiments show that OCLN can bind to SNARE proteins,
which are essential regulators of protein secretion. Third, in the
absence of Ocln, the secretory machinery shows abnormal mor-
phology, including SVs bulging outside of the plasma membrane,
abnormally large SVs, and distended ER. Finally, conspicuous

4766 | www.pnas.org/cgi/doi/10.1073/pnas.1909731117

protein buildup in both the SVs and ER was observed in Ocln
mutant cells. We conclude that Ocln regulates protein secretion in
the mammary gland luminal epithelium.

Although ER stress is frequently caused by unfolded or mis-
folded protein buildup (38), it can also be triggered by defects in
ER-Golgi vesicular trafficking (43) and lysosomal transport (44).
Our data further show that ER stress could be a normal physi-
ological response to a high demand of protein expression and
secretion during pregnancy and especially during lactation. Given
the significant up-regulation of protein expression during lactation,
it is conceivable all the steps along the protein secretory pathway,
including folding, unfolding (of misfolded proteins), degradation,
modification, transportation, and secretion, need to efficiently
processed. Compromise of any of these steps (e.g., defective se-
cretion resulting from Ocln loss) could cause protein buildup
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Fig. 7. OCLN localized on SVs and bound to SNARE proteins. (A-B”) Locali-
zation of OCLN protein in luminal epithelial cells as detected by immunoelec-
tron microscopy at the L2 stage. Primary antibodies against OCLN were
visualized by a secondary antibody coupled to gold particles (black arrow-
heads). Overall, 19% of microvilli (out of a total of 304), 67% of TJs (out of a
total of 12), and 40% of SVs (out of a total of 50) showed OCLN-positive
staining. Areas in red or green dotted-boxes indicate close-up views on the
right (A’, A”, B, and B"). MV, microvillus; Lu, lumen; Nu, nucleus. Scale bars are
as indicated. (C) Protein binding between OCLN and STX6 as detected by co-IP
assays. OCLN was tagged by Flag protein, whereas STX6 was tagged by HA.
Antibody against Flag was used for immunoprecipitation, and antibody against
HA was used for subsequent Western blot analysis. Numbers indicate molecular
weights of the markers (in kilodaltons). (D) Time course of localization of OCLN
and STX6 as detected by fluorescent microscopy. GFP was fused in-frame with
OCLN at the N terminus, whereas mCherry was fused in-frame with STX6.
White arrowheads denote OCLN and STX6 particles over the time course of
observation. Note that 20% of the OCLN particles colocalized with STX6 par-
ticles. (E) Schematic diagram of the lactogenic process, consisting of alveolar
epithelial morphogenesis and differentiation, and secretory activation, which
depends on Ocln function, in the mammary gland. In the Ocin™"* control gland,
there are progressive increases in milk protein expression and secretion, along
with the accompanying stress buildup along the ER-Golgi secretory pathway
during pregnancy and lactation. Ocln is essential for efficient protein secretion
to meet the high demand of the greatly increased protein production and to
relieve the resultant stress endured by the secretory pathway. As a result, co-
pious amounts of milk are produced by Oc/n control mammary glands to sus-
tain pup growth. In mutant MPGs, loss of Ocln function results in defective
protein secretion, which in turn causes a protein buildup |along the ER-Golgi
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along the secretory pathway and thus exacerbate the ER stress
already occurring as a physiological response to lactation.

Our data show a progressive increase in milk protein expres-
sion at the mRNA level throughout pregnancy. Thus, compared
with their expression at PS5, Wap and a-lactalbumin mRNA levels
were tens of times higher at P12 and hundreds of times higher
at P17 (Fig. 3P). Interestingly, by P17, pronounced milk protein
secretion was already present in the alveolar lumen (Fig. 64).
Indeed, p-casein secretion defect in the Ocln null mammary
glands was obvious as early as P17. These data argue against
current models suggesting that parturition is a demarcation
that separates alveolar differentiation from secretory activation
(22, 25). Taken together, these data suggest that secretory acti-
vation occurs before parturition. A previous report suggested that
milk secretion has both a constitutive and a regulative pathway
(45); thus, it remains possible that constitutive secretion occurs
early while it is the regulative pathway activated after parturition.

Taken together, our results show that the lactogenic process in
the mammary gland is composed of two phases: alveolar epithelial
morphogenesis and differentiation followed by secretory activa-
tion. Unlike the first phase, secretory activation depends on Ocln
function. In the control gland, there are progressive increases in
milk protein expression and secretion, along with accompanying
stress buildup along the ER-Golgi secretory pathway during
pregnancy and lactation. Ocln is essential for efficient protein
secretion to meet the high demand of the greatly increased protein
production and relieve the resultant stress endured by the secre-
tory pathway. As a result, copious amounts of milk are produced
by Ocin control mammary glands to sustain pup growth. In con-
trast, in the mutant glands, Ocln loss results in defective protein
secretion, which in turn causes protein buildup along the ER-
Golgi secretory pathway, including the ER and SVs. Conse-
quently, ER stress and UPR are greatly increased, leading a
shutdown of milk protein expression and, to a lesser extent, apo-
ptosis of some MPCs. As a result, milk production is greatly di-
minished, and Ocln mutant mice fail to nurse their pups (Fig. 7E).

Mechanism of Ocln Regulation of Protein Secretion. Although our
data conclusively demonstrate that Ocln regulates protein se-
cretion in the mammary gland, it is highly unlikely that Ocln is
required for the baseline protein secretion essential for cell
survival. Indeed, it is well known that defects in the basic protein
secretion pathway are lethal to single eukaryotic cells and em-
bryos (46, 47). In contrast, mammary gland formation was nor-
mal in Ocln null mice. Thus, Ocln appears to promote protein
secretion efficiency and is essential for a phase of mammary
gland development starting in mid-pregnancy, when a greatly up-
regulated protein expression machinery demands effective se-
cretion at the same time.

At present, the molecular detail of how Ocln may facilitate the
secretion process has remained unclear. As a finely regulated
multistep process, protein secretion is composed of docking,
priming, and fusion of secretory vesicles (39). Together with the
SNARE proteins, Ocln may regulate one or more of these steps.
It is interesting that abnormal fusion of SVs with the plasma
membrane was observed in Ocln null alveolar cells (SI Appendix,
Fig. S6E). Thus, OCLN may regulate or facilitate the fusion
process between the SVs and plasma membrane. However, we
cannot exclude the possibility that OCLN may participate in
other aspects of protein secretion as well, including size control

secretory pathway, including the ER and SVs. Consequently, ER stress and
UPR are greatly increased, with an immediate response of shutdown of milk
protein expression and, to a lesser extent, apoptosis of the MPCs that show
long-term ER stress. As a result, milk production is greatly reduced, and Oc/n
mutant mice are unable to sustain pup survival.
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of the SVs, which were much larger in Ocln null MPCs than in
control MPCs (Fig. 6 and SI Appendix, Fig. S6).

Even though it is the only member of its family, OCLN shares
with several other proteins a “MARVEL” domain in its four-pass
transmembrane domains (48). The function of the MARVEL
domain is currently unknown, although it may be important for
protein-lipid interactions (49). However, MAL, the founding
member of the MARVEL family, has been shown to play a role
in apical protein and membrane trafficking (50-52). Thus, a
functional dissection of the different domains of Ocln, especially
the MARVEL domain, is important to learn how Ocln regulates
protein secretion in the mammary gland.

Secretory Regulation: A General Function of Oc/n? An important
question is whether Ocln regulates protein secretion in organs
other than the mammary gland. Interestingly, previous reports have
shown that disruption of Ocln in several contexts causes activation
of the extrinsic pathway of apoptosis (53, 54). Furthermore, Ocln
null mice are deaf because their outer hair cells are lost due to
apoptosis (42). The mutant mice also suffer from a loss of chief and
parietal cells in the stomach at around 6 wk of age (8, 41). In all
these cases, why and how Ocln null cells are remain unclear.

As evident from TUNEL analysis and scRNA transcriptomics
(Figs. 4 E and F and 5A4), our results show that Ocln null cells
undergo apoptosis as a result of heightened ER stress due to de-
fective protein secretion. Consistent with a role in secretory reg-
ulation, our preliminary results show that OCLN is expressed in
certain secretory cells of the stomach, salivary glands, and pan-
creas, some of which are lost during postnatal life of Ocln null mice
(8). Thus, whether Ocin null cells are apoptotic in other de-
velopmental contexts and, if so, whether apoptosis is a result of
defective secretion remain interesting questions for future studies.

Here we have described functions of Ocin, a prototypical TJ
component whose physiological function has remained contro-
versial. Future studies should examine whether Ocln has similar
functions in professional secretory cells of other vertebrate or-
gans as well. Moreover, it is tempting to speculate whether other
TJ components participate in such functions as protein secretion,
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as we report here for Ocln. Future studies should provide insight
into whether there is a new dimension of functions that can be
ascribed to these “old” molecules.

Methods and Materials

Mouse Strain, Survival Rate, and Weight Gain Measurements. Mice carrying the
Ocln allele were genotyped as described previously (9). Mice were housed
and maintained according to regulations of the ShanghaiTech University’s
Institutional Animal Care and Use Committee (IACUC 2015SHT0006). Female
mice were mated with males between age 10 and 12 wk. Pup survival was
calculated as the percentage of surviving pups in each litter at 48 h post-
partum. For cross-feeding experiments, seven heterozygote pups born to
wild-type female mice were fostered to each wild-type or mutant mother at
the time of parturition. The pups were weighed every 2 h for 2 d, and av-
erage pup weight was calculated. Survival of the pups was recorded to
perform the Kaplan—-Meier survival analysis.

Measurement of TEER. Primary MECs were grown on collagen-coated poly-
carbonate membrane Transwell filter inserts in a 24-well plate at a density of
1 % 10° cells/cm?. Culture medium containing DMEM/F12 (Invitrogen) with 10%
(volivol) FBS (Sigma-Aldrich), 5 pg/mL insulin, 1 pg/mL hydrocortisone, 10 ng/mL
EGF, 100 U/mL penicillin, and 100 pg/mL streptomycin was used. The medium
was changed every 2 d until a confluent monolayer formed. TEER was mea-
sured using a Millicell ERS-2 epithelial voltohmmeter (Merck Millipore).
Detailed methods are available in the S/ Appendix.

Data Availability. The data to perform the analyses have been deposited in
the SRA database under accession code SRR10481973 and SRR10481974.
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