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ABSTRACT Microbial penetration of the blood-brain barrier, a prerequisite for the
development of central nervous system (CNS) infection, involves microbial invasion,
intracellular traversal, and exocytosis. Microbial invasion of the blood-brain barrier
has been investigated, but the molecular basis for microbial traversal and exit from
the blood-brain barrier remains unknown. We performed transcriptome analysis of
human brain microvascular endothelial cells (HBMEC) infected with Escherichia coli
and Cryptococcus neoformans, representative bacterial and fungal pathogens com-
mon in CNS infections. Among the targets upregulated in response to E. coli and C.
neoformans infection, PDLIM2 was knocked down by small hairpin RNA (shRNA) in
HBMEC for further investigation. We demonstrated that Pdlim2 specifically regulated
microbial traversal and exit from HBMEC by assessing microbial invasion, transcyto-
sis, intracellular multiplication, and egression. Additionally, the defective exocytosis
of internalized E. coli cells from the PDLIM2 shRNA knockdown cells was restored by
treatment with a calcium ionophore (ionomycin). Moreover, we performed proxim-
ity-dependent biotin labeling with the biotin ligase BiolD2 and identified 210 poten-
tial Pdlim2 interactors. Among the nine Pdlim2 interactors enriched in response to
both E. coli and C. neoformans infection, we selected MPRIP and showed that HBMEC
with knockdown of MPRIP mimicked the phenotype of PDLIM2 knockdown cells.
These results suggest that the CNS-infecting microbes hijack Pdlim2 and Mprip for
intracellular traversal and exocytosis in the blood-brain barrier.

KEYWORDS Escherichia coli, Cryptococcus neoformans, blood-brain barrier, human
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entral nervous system (CNS) infection continues to be an important cause of mortal-

ity and morbidity (1, 2). Bacterial meningitis is an infection with high mortality and
morbidity in the neonatal population (1). In developed countries, the incidence of bacte-
rial meningitis is estimated at 0.3 per 1,000 live births, with a mortality of 10 to 15% (1). In
developing countries, the reported incidence of bacterial meningitis is much higher, at
0.8 to 6.1 per 1,000 live births, and the mortality is 40 to 58% (1). Escherichia coli repre-
sents the second most common pathogen of bacterial meningitis and is isolated in 30%
of all early-onset infections (1). In addition, E. coli has emerged as the most common
cause of early-onset sepsis and meningitis among very low birth weight (<1,500 g)
infants (1). Cryptococcus neoformans represents the most common pathogen of fungal
meningitis and causes life-threating CNS infections in immunocompromised individuals,
such as HIV-1-infected patients, resulting in over 180,000 deaths annually (2). C. neofor-
mans is distributed globally and is particularly abundant in avian excreta (3). Infection
with C. neoformans starts with inhalation of the fungal cells from the environment,
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followed by extrapulmonary spread, leading to hematogenous dissemination to the tar-
get organs, most commonly resulting in CNS infection (3).

E. coli and C. neoformans exhibit the ability to penetrate the blood-brain barrier,
which is a prerequisite for the development of CNS infection (4), but the underlying
mechanisms remain incompletely understood. Transcellular, paracellular, and Trojan-
horse penetrations represent the known mechanisms for microbial penetration of the
blood-brain barrier (4). Several CNS-infecting microbes, including E. coli and C. neofor-
mans, exploit transcellular penetration of the blood-brain barrier (4). Transcellular pen-
etration of the blood-brain barrier includes microbial invasion, intracellular traversal,
and exocytosis (5). How microbes invade the blood-brain barrier has been investigated
previously (6-9). For example, the FimH-CD48-RhoA, CNF1-37LRP-RhoA-FAK, OmpA-
gp96-cPLA,a-CysLT-PKC, OmpA-gp96-STAT3-Rac1, IbeA-Caspr1-FAK-Rac1, and FimH/
OmpA/NIpl-SphK2-EGFR-cSrc signaling pathways are exploited by E. coli, resulting in
host cell cytoskeleton rearrangement and microbial internalization in human brain mi-
crovascular endothelial cells (HBMEC) (6). C. neoformans cell surface hyaluronic acid
contributes to the invasion of HBMEC via its interaction with CD44 (7). C. neoformans
phospholipase B1 (Plb1) was reported to activate the host cell Rac1 for traversal of an
HBMEC monolayer (8). C. neoformans metalloprotease 1 (Mpr1) was shown to exploit
the host cell annexinA2 (AnxA2) to facilitate transcytosis of the blood-brain barrier (9).
However, the mechanism exploited by the CNS-infecting pathogens for intracellular
traversal and exocytosis from HBMEC remains unknown.

In this report, we performed transcriptome sequencing (RNA-seq) analysis of
HBMEC challenged with E. coli and C. neoformans. Among the upregulated genes, we
identified PDLIM2, and we demonstrated that Pdlim2 specifically regulated the micro-
bial traversal of and exit from HBMEC. In addition, we observed that the defective exit
of internalized E. coli cells from PDLIM2 small hairpin RNA (shRNA) knockdown cells
was restored by treatment with ionomycin. Moreover, we performed proximity-de-
pendent biotin labeling and identified 210 potential Pdlim2 interactors. Among the
nine Pdlim2 interactors enriched in response to both E. coli and C. neoformans infec-
tion, we identified MPRIP (myosin phosphatase Rho interacting protein gene), and we
showed that MPRIP shRNA knockdown cells mimicked the phenotype of the PDLIM2
shRNA knockdown cells. Collectively, these results suggest that the CNS-infecting
microbes hijack Pdlim2 and Mprip for intracellular traversal and exocytosis in the
blood-brain barrier.

RESULTS

RNA-seq analysis of HBMEC in response to microbe infection. To investigate the
microbial interaction with the blood-brain barrier, we analyzed the transcriptional
response of HBMEC to infection with either E. coli or C. neoformans. HBMEC were
infected with E. coli strain RS218 for 1.5 h or 4 h or with C. neoformans strain H99 for 2
h or 6 h. The uninfected HBMEC as a control were incubated for 6 h. Total RNA was
purified from HBMEC for RNA-seq analysis. We defined the differentially expressed
genes as those with a minimum 2-fold change in gene expression (P < 0.05) by com-
paring the infected group with the uninfected control. We observed that 277 genes
were upregulated and 27 genes were downregulated for the 1.5-h E. coli infection and
that 418 genes were upregulated and 48 genes were downregulated for the 4-h E. coli
infection (Table S1 in the supplemental material). There were 228 upregulated genes
and 327 downregulated genes for the 2-h C. neoformans infection, and there were 328
upregulated genes and 304 downregulated genes for the 6-h C. neoformans infection
(Table S1). The Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems) was used
to identify the signaling pathways that are potentially regulated during infection (10,
11). Our analysis predicted the modulation of a total of 185 different signaling proteins
from the HBMEC infected with E. coli and 34 different signaling proteins from the
HBMEC infected with C. neoformans during at least one time point of the experiments.
There were 17 activated signaling proteins and 9 repressed signaling proteins in
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FIG 1 Upstream regulator analysis of the infection-induced gene expression. Each regulator was
predicted by Ingenuity Pathway Analysis (IPA) to be activated (red, Z-score > 1.5) or repressed (blue,
Z-score < —1.5) during infection of HBMEC with either E. coli strain RS218 or C. neoformans strain
H99. All the predicted pathways achieved a Z-score of =|1.5| in at least one time point for both
organisms. White indicates no predicted activation or repression.

response to both E. coli and C. neoformans (Fig. 1). The Z-score was used to determine
whether an upstream transcription regulator had significantly more “activated” predic-
tions than “inhibited” predictions (Z > 0) or vice versa (Z <0) (12). This approach was
validated by the predicted upregulation of epidermal growth factor receptor (EGFR)
signaling during E. coli infection (Table S2). Previously, we have demonstrated that E.
coli penetration of the blood-brain barrier exploits the EGFR signaling (13). We selected
one new significantly upregulated molecule, Pdlim2, for functional analysis. Pdlim2 has
not previously been recognized in connection with E. coli or C. neoformans infection
and, in our experiments, is predicted to be activated at both 4 h of E. coli infection (1
of 13 genes; P value of overlap, 5.97 x 10~4) and 6 h of C. neoformans infection (1 of 11
genes; P value of overlap, 2.78 x 1072) (Fig. 1, Tables S1 and S2).

Microbes exploit Pdlim2 for intracellular traversal of HBMEC. Pdlim2, containing
a PDZ domain and a LIM domain, was reported to colocalize with cytoskeleton in the
cytoplasm of the human epithelial cell line MCF-7 and monkey kidney fibroblast-like
cell line COS-7 (14, 15). In contrast, other reports indicated that Pdlim2 was in the nu-
cleus of mouse embryonic fibroblasts and macrophages (16, 17). Pdlim2 was also
reported to be in both the cytoplasm and nucleus of DU145 cells and Huh7.5 cells (18,
19). To investigate its location in HBMEC, Pdlim2-green fluorescent protein (GFP) fusion
protein was stably expressed in HBMEC via lentivirus-mediated transfection (Fig. 2A).
We showed that Pdlim2-GFP was colocalized with F-actin in the cytoplasm (Fig. 2A,
arrowhead in top panel). To exclude the artifact from the additional GFP tag, we
stained HBMEC with Pdlim2 antibody and demonstrated that endogenous Pdlim2
colocalized with F-actin in the cytoplasm (Fig. S1).

To investigate its role in HBMEC-microbe interaction, we generated PDLIM2 shRNA
knockdown cells, which were validated by Western blotting (Fig. 2B). An invasion assay
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FIG 2 Pdlim2 regulated microbial exocytosis from HBMEC. (A) Colocalization of Pdlim2-GFP with F-actin, E. coli S242 mCherry, or C. neoformans KN99
mCherry. F-actin was labeled with Alexa Fluor 594 phalloidin (red). DNA was labeled with DAPI (blue). Colocalization is highlighted by the arrowheads.
Scale bars, 10 um. (B) Pdlim2 expression in control shRNA cells and PDLIM2 shRNA knockdown cells. The assay was performed in duplicate. The results
from one of the duplicates are presented. Student’s t test was performed to determine statistical significance. P=0.016. (C) Relative invasion frequencies of
E. coli strains S242, RS218, N603, and F32. The results were calculated as the percentages of the initial inoculum and are presented as the relative
percentages of invasion compared with the invasion in the control shRNA cells. Student’s t test was performed to determine statistical significance. (D)
Rescue experiment of PDLIM2 shRNA knockdown cells. The results were calculated as the percentages of the initial inoculum and are presented as the
relative percentages of invasion compared with the invasion in the control shRNA cells. One-way analysis of variance (ANOVA) and multiple-comparison
tests were performed to determine statistical significance. (E) Relative transcytosis frequencies of E. coli S242 and C. neoformans. The results were calculated
as the percentages of the initial inoculum and are presented as the relative percentages of transcytosis compared with the transcytosis in the control
shRNA cells. Student’s t test was performed to determine statistical significance. (F) Intracellular multiplication of E. coli S242 in control shRNA cells. ANOVA
and multiple-comparison tests were performed to determine the statistical significance. (G) Intracellular multiplication of E. coli S242 in PDLIM2 shRNA
knockdown cells. ANOVA and multiple-comparison tests were performed to determine statistical significance. (H) Egression of E. coli S242 from HBMEC. 0 h
represents the initial internalized E. coli CFU. Student’s t test was performed to determine statistical significance. (H) Egression of E. coli S242 from HBMEC
in the presence of ionomycin for 4 h. Student’s t test was performed to determine statistical significance. Each assay was performed in triplicate. Error bars
indicate mean values = standard deviations (SD). ¥, P < 0.05; **, P<0.01; ***, P<0.001; n.s., no significant difference.

was used to quantify the internalized E. coli cells (20). The HBMEC monolayer was incu-
bated with E. coli for 1.5 h and then treated with 100 wg/ml gentamicin for 1 h to kill
extracellular E. coli cells. The HBMEC monolayer was then lysed for quantification of inter-
nalized E. coli cells. The invasion assay showed that knockdown of PDLIM2 resulted in a
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significant increase in internalization into HBMEC by four meningitis isolates of E. coli
(RS218, S242, N603, and F32) (Fig. 2C). E. coli strain S242 showed the highest increase in
internalization into HBMEC and was used for further investigation (Fig. 2C).

To exclude any off-target effect of the PDLIM2 shRNA, we designed an shRNA-resist-
ant cDNA of PDLIM2 by introducing five silent mutations within the PDLIM2 shRNA tar-
geting sequence, as described previously (21), and stably expressed it in PDLIM2 knock-
down cells to generate PDLIM2 rescue cells via lentivirus-mediated transfection. The
increased invasion in the PDLIM2 shRNA knockdown cells was effectively rescued by
the shRNA-resistant cDNA of PDLIM2 (Fig. 2D). The increased internalization in the
PDLIM2 shRNA knockdown cells likely stems from increased invasion, decreased exocy-
tosis, and/or increased multiplication of the internalized E. coli cells.

A transcytosis assay was utilized to quantify the microbes that traversed from the
HBMEC monolayer (22). HBMEC were seeded on transwell inserts to form monolayers
mimicking the blood-brain barrier in vitro. E. coli strain $242 was loaded into the upper
chamber and incubated with HBMEC for 1.5 h. E. coli cells recovered from the lower
chamber represented the traversed E. coli. The integrity of the HBMEC monolayer was
assessed by measuring the transendothelial electrical resistance (TEER) with a World
Precision Instruments epithelial voltohmmeter (WPl EVOM) before and after the assay.
The transcytosis assay showed that cells with knockdown of PDLIM2 exhibited signifi-
cantly reduced traversal of E. coli (Fig. 2E). These results indicated that the increased inter-
nalization of E. coli cells in the PDLIM2 shRNA knockdown cells was likely due to
decreased exocytosis of the intracellular E. coli. In addition, knockdown of PDLIM2 led to
significantly decreased traversal of C. neoformans cells (Fig. 2E). An internalization assay
with C. neoformans was not feasible, as there is no drug to kill the extracellular C. neofor-
mans. Internalization of E. coli and C. neoformans cells, however, was demonstrated by
colocalization of mCherry-expressing strains E. coli 5242 mCherry and C. neoformans KN99
mCherry with Pdlim2-GFP (Fig. 2A, arrowheads in middle and bottom panels).

We did an intracellular multiplication assay to test whether the internalized E. coli
cells multiplied in the PDLIM2 shRNA knockdown cells, resulting in increased numbers
of intracellular bacteria. HBMEC monolayers were incubated with E. coli strain $S242 for
1.5 h and then treated with 100 ug/ml gentamicin for 1 h to kill extracellular E. coli.
HBMEC monolayers were then cultured in the presence of 10 wg/ml gentamicin (to
suppress any egressed E. coli) for 2 h, 4 h, and 6 h, separately. HBMEC monolayers were
lysed for quantification of viable intracellular E. coli cells. The intracellular multiplication
assay showed that the doubling time of intracellular E. coli within the control shRNA
cells was about 4 h (Fig. 2F), while the doubling time of intracellular E. coli within the
PDLIM2 knockdown cells was about 6 h (Fig. 2G), indicating that the increased internal-
ization of E. coli within the PDLIM2 shRNA knockdown cells did not stem from
increased multiplication of intracellular E. coli.

We then performed an egression assay to investigate whether knockdown of PDLIM2
would block the exit of intracellular E. coli cells from HBMEC. HBMEC monolayers on trans-
well inserts were incubated with E. coli strain S242 for 1.5 h and then treated with
100 wg/ml gentamicin for 1 h to kill extracellular E. coli. The HBMEC monolayers on the
transwell inserts were then cultured in the absence of gentamicin for 2 h and 4 h sepa-
rately. E. coli cells recovered from the lower chamber represented the egressed E. coli. In
the 2-h egression assay, a few CFU (on control shRNA cells, 15 = 2 CFU, and on PDLIM2
knockdown cells, 10 == 13 CFU) were recovered from the lower chambers (Fig. 2H). In the
4-h egression assay, 880 * 75 CFU were egressed from the control shRNA cells, whereas
only 2 = 3 CFU were egressed from the PDLIM2 knockdown cells, even though the initial
number of internalized CFU (0 h in the egression assay) from the PDLIM2 knockdown cells
was six times greater than that of the control shRNA cells (Fig. 2H). These results indicated
that knockdown of PDLIM2 hindered the exit of intracellular E. coli cells from HBMEC.

We attempted to restore the defective exocytosis of intracellular E. coli from the
PDLIM2 knockdown cells with four drugs (ionomycin, ambroxol, forskolin, and rapamy-
cin) that were reported to promote exocytosis (23-26). Forskolin was reported to
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increase intracellular cAMP and induce exocytosis of E. coli from infected bladder epi-
thelial cells (23). Rapamycin was reported to be an inducer of autophagy and to
enhance bacterial expulsion from bladder epithelial cells (24). Ambroxol triggers lyso-
somal exocytosis by releasing the acidic Ca?* stores (25). lonomycin is a calcium iono-
phore that raises the intracellular calcium level to trigger calcium-regulated exocytosis
(26). HBMEC monolayers on transwell inserts were incubated with E. coli strain 5242 for
1.5 h, followed by treatment with 100 wg/ml gentamicin for 1 h to kill the extracellular
E. coli. The HBMEC monolayers on the transwell inserts were then cultured in the pres-
ence of ionomycin, ambroxol, forskolin, or rapamycin for 4 h. The egression assay
showed that only ionomycin restored the defective exocytosis of intracellular E. coli
from the PDLIM2 knockdown cells (Fig. 2I). lonomycin led to a 52-fold increase of
egressed E. coli cells from the control shRNA cells and a 360-fold increase from the
PDLIM2 knockdown cells (Fig. 2I). These data suggested that the microbial exit from
HBMEC was likely to be dependent on the intracellular Ca2*.

BiolD reveals involvement of Pdlim2 interactor Mprip in intracellular traversal
of HBMEC. To further investigate the role of Pdlim2 in microbial traversal and exocyto-
sis, we performed a proximity-dependent biotin ligation assay with the biotin ligase
BiolD2 to map the interactome of Pdlim2 during HBMEC-microbe interactions (27). The
biotin ligase BiolD2 is fused to a protein of interest and expressed in a cell, where it bi-
otinylates the proximal endogenous proteins (27). The Pdlim2-BiolD2-hemagglutinin
(HA) fusion protein was stably expressed in HBMEC via lentivirus-mediated transfection
(Fig. 3A). The stable expression of Pdlim2-BiolD2-HA in HBMEC was validated by
Western blotting (Fig. 3B, bottom). We observed some basal biotinylation in HBMEC,
representing the endogenous biotinylated proteins (Fig. 3B, top). The cells expressing
Pdlim2-BiolD2-HA showed a drastic increase in the biotinylated proteins in the pres-
ence of 10 uM biotin (Fig. 3B, top). In addition, the Pdlim2-BiolD2-HA was colocalized
with F-actin (Fig. 3C, arrowhead). These data indicated that the Pdlim2-BiolD2-HA
fusion protein was functionally expressed in HBMEC.

The Pdlim2-BiolD2-HA cells were incubated with E. coli S242 or C. neoformans for 20
h in the presence of biotin. The biotinylated proteins were purified with streptavidin
beads and then submitted for mass spectrometry analysis. Mass spectrometry identi-
fied 210 biotinylated proteins, including some known Pdlim2 interactors, such as fila-
min A, actinin-1, and actinin-4 (Table S3) (14). Most of the 210 biotinylated proteins
were cytoskeleton-related proteins, which reflected the colocalization of Pdlim2 with
cytoskeleton (Fig. 3C, Table S3). Pdlim2 was reported to be an E3 ubiquitin ligase that
acts to stimulate the degradation of STAT2, STAT3, and NF-«B in the nucleus (16, 17,
19). However, we did not detect biotinylated STAT2, STAT3, and NF-«B in HBMEC. The
spectral counts were normalized with the following equation as previously described
(28): normalized count per protein = [(spectral count per protein/predicted trypsin sites
within a protein)]/total counts for all proteins in a sample x 10°. There were 33 biotin-
ylated proteins enriched in Pdlim2-BiolD2-HA cells infected with E. coli S242 and 41 bi-
otinylated proteins enriched in Pdlim2-BiolD2-HA cells challenged with C. neoformans
H99 compared to the biotinylated proteins in uninfected Pdlim2-BiolD2-HA cells (Fig.
3D and E). In total, nine biotinylated proteins were enriched in Pdlim2-BiolD2-HA cells
in response to both E. coli and C. neoformans (Fig. 3D and E).

We selected Mprip from the nine overlapping proteins for functional validation. An
Mprip-HA fusion protein was stably expressed in HBMEC via lentivirus-mediated trans-
fection. Mprip colocalized with F-actin (Fig. 4A, arrowhead in top panel) as well as with
Pdlim2 (Fig. 4A, arrowhead in second panel down). MPRIP shRNA knockdown cells
were generated and validated by Western blotting (Fig. 4B). An invasion assay demon-
strated that the MPRIP shRNA knockdown cells exhibited a significant increase in inter-
nalized E. coli, and the increased invasion in the MPRIP shRNA knockdown cells was res-
cued by the shRNA-resistant cDNA of MPRIP (Fig. 4C). A transcytosis assay showed that
the MPRIP shRNA knockdown cells exhibited significantly decreased traversal by E. coli
and C. neoformans cells (Fig. 4D). The integrity of the HBMEC monolayers was assessed
by measuring the TEER with the WPl EVOM before and after the assay. In addition, E.
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coli S242 mCherry and C. neoformans KN99 mCherry were colocalized with Mprip (Fig.
4B, arrowheads in third-down and bottom panels). The phenotype of the MPRIP shRNA
knockdown cells, therefore, mimicked that of the PDLIM2 shRNA knockdown cells.
These results suggested that Mprip and Pdlim2 contributed to the microbial intracellu-
lar traversal and exocytosis in HBMEC.

DISCUSSION

Microbial penetration of the blood-brain barrier includes microbial invasion, intra-
cellular traversal, and exocytosis. Previous studies elucidated the mechanisms involved
in microbial invasion, but the basis for microbial intracellular traversal and exocytosis
remains unknown. In this report, we performed transcriptome analysis of HBMEC in
response to infection with E. coli and C. neoformans, the common CNS-infecting patho-
gens. We did network analysis of the RNA-seq data to reveal the host signaling path-
ways affected by E. coli and C. neoformans infection and identified Pdlim2 as a key reg-
ulator of microbial intracellular traversal and exocytosis in HBMEC, essential steps for
successful penetration of the blood-brain barrier.

We demonstrated that Pdlim2 specifically regulated the exit of internalized microbes
from HBMEC through assessing microbial invasion, transcytosis, intracellular multiplica-
tion, and egression. In addition, we observed that the exocytosis of internalized microbes
from HBMEC was enhanced by treatment with ionomycin. The calcium ionophore iono-
mycin, which could raise the intracellular calcium level, restored the defective exocytosis
of internalized E. coli cells from the PDLIM2 shRNA knockdown cells, suggesting that the
microbial exocytosis was triggered by the intracellular calcium. Unlike the exocytosis
occurring in bladder epithelial cells, forskolin (which stimulates adenylate cyclase to raise
the cyclic AMP level) and rapamycin (an inducer of autophagy) failed to induce the exocy-
tosis of E. coli cells from HBMEC (23, 24). Ambroxol (which neutralizes the lamellar bodies’
pH, followed by an intracellular calcium release to induce lysosomal exocytosis) also failed
to trigger the exocytosis of intracellular E. coli cells from HBMEC (25). Our previous study
demonstrated that the internalized E. coli cells were localized within a membrane-bound
vacuole in HBMEC and that the E. coli-containing vacuole did not fuse with the lysosome
(29). Therefore, it appears that cyclic AMP-regulated exocytosis, autophagy-mediated exo-
cytosis, and lysosomal exocytosis are not directly involved in the microbial exocytosis
from HBMEC. We previously showed that E. coli invasion resulted in increased intracellular
calcium in HBMEC and that chelating of the intracellular calcium reduced the bacterial
invasion (30). These findings suggest that intracellular calcium plays a critical role in mi-
crobial invasion, intracellular traversal, and exocytosis. Additional studies are needed to
elucidate the molecular basis for how the intracellular calcium triggers microbial exocyto-
sis from HBMEC, particularly in connection with Pdlim2.

BiolD has emerged as a powerful tool to screen for the physiologically relevant pro-
tein interactions that occur in living cells (31). We performed BiolD using Pdlim2 as the
bait and identified 210 potential proteins that physiologically interacted with Pdlim2.
Of interest, Mprip was enriched in the HBMEC infected with E. coli and C. neoformans
and phenocopied Pdlim2 in regulating microbial intracellular traversal and exocytosis
in the blood-brain barrier. There are some contradictory reports about the roles of
Pdlim2. In some reports, Pdlim2 is in the cytoplasm and acts as a cytoskeleton adaptor
that promotes cell attachment and migration (14, 15). In other reports, Pdlim2 is in the

FIG 3 Legend (Continued)

hepatitis virus posttranscriptional regulatory element. (B) The proteins biotinylated by Pdlim2-BiolD2 were detected with HRP-conjugated streptavidin after
SDS-PAGE separation. The expression of Pdlim2-BiolD2 in HBMEC in the presence of biotin led to a drastic increase in biotinylation of the endogenous
proteins (top). Fusion protein Pdlim2-BiolD2-HA was detected with anti-HA antibody (bottom). (C) Pdlim2-BiolD2-HA colocalized with F-actin. Pdlim2-BiolD2-
HA was labeled with anti-HA antibody (green). F-actin was labeled with Alexa Fluor 594 phalloidin (red). DNA was labeled with DAPI (blue). Colocalization is
highlighted by the arrowhead. Scale bars, 10 um. (D) Biotinylated proteins enriched in HBMEC infected with E. coli. Gray lines, BiolD interactions; black lines,
known protein interactions from the String networks; node sizes, normalized log, fold enrichment. Proteins enriched in response to both E. coli and C.
neoformans are highlighted in red. (E) Biotinylated proteins enriched in HBMEC infected with C. neoformans. Gray lines, BiolD interactions; black lines, known
protein interactions from the String networks; node sizes, normalized log, fold enrichment. Proteins enriched in response to both E. coli and C. neoformans
are highlighted in red.
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FIG 4 Mprip was involved in intracellular traversal and exocytosis in HBMEC. (A) Colocalization of Mprip with F-actin,
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expression in control shRNA cells and MPRIP shRNA knockdown cells. The assay was performed in duplicate. The
results for one of the duplicates are presented. Student’s t test was performed to determine statistical significance.
P=0.048. (C) Relative invasion frequencies in MPRIP shRNA knockdown and MPRIP rescue cells. The results were
calculated as the percentages of the initial inoculum and are presented as the relative percentages of invasion
compared with the invasion in the control shRNA cells. ANOVA and multiple-comparison tests were performed to
determine statistical significance. (D) Relative transcytosis frequencies in MPRIP shRNA knockdown cells. The results
were calculated as the percentages of the initial inoculum and are presented as the relative percentages of
transcytosis compared with the transcytosis in the control shRNA cells. Student’s t test was performed to determine
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nucleus and functions as a ubiquitin E3 ligase, negatively regulating the activities of
STAT2, STAT3, and NF-«B (16, 17, 19). In this study, we showed that Pdlim2 was asso-
ciated with the cytoskeletal factors in the cytoplasm and regulated the intracellular
traversal and exocytosis of microbes in HBMEC. Mprip (myosin phosphatase Rho
interacting protein) targets myosin phosphatase to the actin cytoskeleton to regu-
late myosin light-chain phosphorylation (32). Mprip was colocalized with Pdlim2 and
appeared to coregulate the intracellular traversal and exocytosis of the CNS-infect-
ing microbes in the blood-brain barrier with Pdlim2. Efficient microbial intracellular
traversal and exocytosis exploit both Pdlim2 and Mprip, as knockdown of either
gene resulted in defective exocytosis. Additional studies are needed to elucidate
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how Pdlim2 and Mprip exhibit similar functions in microbial intracellular traversal
and exocytosis.

In summary, we linked Pdlim2 and Mprip to microbial exocytosis in HBMEC, an
essential but unexplored step in microbial penetration of the blood-brain barrier. We
also provided insight that the microbial exit from HBMEC was affected by a chemical
affecting intracellular calcium. These findings are likely to facilitate the development of
novel strategies for prevention of microbial penetration of the blood-brain barrier, the
essential step in the development of CNS infection. More importantly, we showed that
Pdlim2 and Mprip contribute to microbial exocytosis in HBMEC for two important CNS-
infecting pathogens, a bacterium and a fungus, prompting an interesting concept that
the findings shown in this report might be relevant to other CNS-infecting microbes
for their penetration of the blood-brain barrier.

MATERIALS AND METHODS

Microbial strains. E. coli strains 5242, N603, F32, and RS218 are derived from the cerebrospinal fluid
of neonates with E. coli meningitis. Strain S242 produces the extended-spectrum B-lactamase CTX-M-15,
belonging to the worldwide-distributed 025b:H4-ST131 clone (33). An S242 strain expressing mCherry
was generated by introducing pON.mCherry (84821; Addgene) into strain S242 via electroporation.
Strain N603 is an E. coli meningitis isolate producing the TEM-type extended-spectrum [B-lactamases
(34). Strain F32 belongs to the O18:K1:H7 serotype. Strain RS218 is a prototype meningitis isolate (O18:
K1:H7) (20). Strain H99 is a C. neoformans var. grubii strain causing fatal meningitis in humans (35). C.
neoformans KN99 mCherry was a kind gift from Jennifer Lodge (36, 37).

Isolation of RNA from HBMEC. HBMEC were isolated and characterized as previously described
(38). HBMEC (3.5 x 10° cells) were seeded in a 100-mm petri dish and then cultured for 4 days until con-
fluence in RPMI medium supplemented with 10% fetal bovine serum (FBS), 10% Nu-serum, 1% minimal
essential medium (MEM) vitamins, 1% MEM nonessential amino acids, 1 mM sodium pyruvate, and 100
U/ml penicillin-streptomycin. The HBMEC monolayer was incubated for 1 h in the experimental medium,
composed of medium 199 and Ham's F-12 (1:1) supplemented with 5% FBS, before the infection assay.
E. coli strain RS218 (5 x 107 cells/well, multiplicity of infection [MOI] = 100) was loaded and incubated for
1.5 h and 4 h, separately. C. neoformans (5 x 10° cells/well, MOl = 10) was loaded and incubated for 2 h
and 6 h, separately. RNA was purified from HBMEC using the Quick-RNA microprep kit (catalog number
R1050; Zymo Research).

RNA-seq and gene expression analysis. RNA-seq was performed as described previously (10, 11).
Briefly, all the RNA-seq libraries (non-strand specific, paired end) were prepared using the TruSeq RNA
sample preparation kit (Illumina). Seventy-five nucleotides of the sequence were determined from each
end of each cDNA fragment using the HiSeq 4000 platform (lllumina). Each time point was performed in
triplicate. About 100 to 240 million reads were obtained for each sample (Table S4). The sequencing
reads were annotated and aligned to Ensembl GRCh38 of the human reference genome (39) using
TopHat2 (40). The alignment files from TopHat2 were used to generate the read counts for each gene.
Statistical analysis of differential gene expression was performed using the EdgeR package from
Bioconductor (41). The cutoffs included a P value of less than 0.05 and an absolute log, fold change of 1
(infected/uninfected). We used the Ingenuity Pathway Analysis software (Ingenuity Systems) to identify
the signaling proteins that were potentially activated or repressed during infection. This software
assesses the overlap between lists of differentially expressed genes and an extensively curated database
of regulator-target gene relationships. It then considers the direction of the gene expression changes to
make predictions about the activation or repression of specific pathways.

Construction of the shRNA knockdown cell. The shRNA lentiviral plasmids (PDLIM2 shRNA
[TRCN0O000154950] and MPRIP shRNA [TRCN0000048651]) were purchased from Sigma-Aldrich. HEK293T
cells (CRL-3216; ATCC) (1.5 x 10° cells/well) were cultured in 6-well tissue culture plates overnight in 5 ml
Opti-MEM | reduced-serum medium (catalog number 31985070; Thermo Fisher Scientific). The HEK293T
cells were transfected with 3 g lentiviral plasmids containing the target DNA sequence, 2 ug packaging
plasmid psPAX2 (12260; Addgene), and 1 g envelope plasmid pCMV-VSV-G (8454; Addgene) using
FUGENE 6 transfection reagent (product number 2691; Promega). The lentivirus from the cell culture su-
pernatant of the HEK293T cells was filtered with a 0.22-um syringe filter and incubated with HBMEC for
72 h. The shRNA knockdown cells were selected with 1 wg/ml puromycin.

Western blot analysis. HBMEC monolayers in 100-mm petri dishes were washed one time with cold
phosphate-buffered saline (PBS) and then lysed in modified radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris HCl, pH 7.4, 150 mM NaCl, 2 mM EGTA, 1% Triton X-100) supplemented with prote-
ase/phosphatase inhibitor cocktail (product number 5872S; Cell Signaling).

For Western blot analysis, 25 ug of cell lysate was loaded for each well. Pdlim2 was immunoblotted
with anti-PDLIM2 antibody (1:1,000, ab68220; Abcam). Mprip was immunoblotted with anti-MPRIP poly-
clonal antibody (1:1,000, PA5-54631; Invitrogen). Actin was immunoblotted with antiactin (20-33) anti-
body (1:5,000, A5060; Sigma). Anti-rabbit IgG horseradish peroxidase (HRP)-linked antibody (1:5,000,
7074S; Cell Signaling) and anti-mouse 1gG HRP-linked antibody (1:5,000, 7076S; Cell Signaling) were pur-
chased from Cell Signaling.
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Bacterial invasion assay in HBMEC. The bacterial invasion assay was carried out as described previ-
ously (20). E. coli strains were grown overnight in brain heart infusion broth and resuspended in the ex-
perimental medium composed of medium 199 and Ham'’s F-12 (1:1) supplemented with 5% FBS. E. coli
cells (1 x 107 cells/well) were added into confluent HBMEC monolayers in 24-well plates at an MOI of
100. The plates were incubated in a 37°C incubator with 5% CO, for 90 min. The HBMEC monolayers
were washed with the experimental medium and incubated in the experimental medium supplemented
with 100 ng/ml gentamicin for 1 h to kill the extracellular bacteria. The HBMEC monolayers were washed
three times with the experimental medium and then lysed with 0.025% Triton X-100 for 20 min at room
temperature. The lysis suspension was diluted and plated on blood ager plates for quantification of the
internalized E. coli. The result was calculated as the percentage of the initial inoculum and is presented
as the relative percentage of invasion compared with the invasion in the control shRNA cells. The control
shRNA cells contained enhanced green fluorescent protein (eGFP) shRNA (SHC005; Sigma-Aldrich). Each
assay was performed in triplicate.

Microbial transcytosis assay in HBMEC. The transcytosis assay was carried out as described previ-
ously (22, 42). HBMEC (6 x 10* cells/insert) were seeded in Millicell cell culture inserts with a pore size of
12 um and diameter of 12mm (EMD Millipore) and then cultured for 4 days. The HBMEC monolayers
were incubated for 1 h in the experimental medium composed of medium 199 and Ham’s F-12 (1:1) sup-
plemented with 5% FBS before the transcytosis assay. E. coli cells (3 x 10° cells/insert) were loaded into
the inserts and incubated for 90 min. C. neoformans cells (1 x 10° cells/insert) were loaded into the
inserts and incubated for 4 h. Samples from the lower chambers of inserts were collected and plated on
agar plates for CFU determination. The integrity of the HBMEC monolayers was assessed by measuring
the TEER with the WPI EVOM before and after the assay.

Bacterial multiplication assay in HBMEC. HBMEC monolayers were infected with E. coli cells
(1 x 107 cells/well) for 90 min, followed by gentamicin treatment as described for the invasion assay. The
HBMEC monolayers were washed with the experimental medium and then incubated in the experimen-
tal medium containing 10 wg/ml gentamicin for 2 h, 4 h, and 6 h, separately. The HBMEC monolayers
were washed three times with the experimental medium and then lysed with 0.025% Triton X-100 for
20 min at room temperature. The lysis suspensions were diluted and plated on blood ager plates for
quantification of the intracellular E. coli cells.

Bacterial egression assay in HBMEC. The HBMEC monolayers on the inserts were infected with E.
coli cells (3 x 10° cells/well) for 90 min, followed by gentamicin treatment as described for the transcyto-
sis assay. The HBMEC monolayers were washed three times with the experimental medium and then
incubated in the experimental medium with or without a drug (1 uM ionomycin, 10 uM ambroxol,
10 uM forskolin, or 200 nM rapamycin) for 2 h and 4 h, separately. Samples from the lower chambers of
the inserts were collected and plated on agar plates for CFU determination. The integrity of the HBMEC
monolayers was assessed by measuring the TEER with the WPI EVOM before and after the assay.

Construction of cells expressing Pdlim2-BiolD2-HA. First-strand cDNAs were synthesized from RNA
with the OneTaq reverse transcription (RT)-PCR kit (E5310S; NEB). The PDLIM2 cDNA was amplified from the
first-strand cDNAs with primers PDLIM2-F (CCGCCAGAACACAGGACCGGTTCTAGATAGCCACCATGGCGTTGA
CGGTG) and PDLIM2-R (GGCCCGAGAGCTGAGGGTGG). BiolD2-HA was amplified from plasmid MCS-BiolD2-
HA (74224; Addgene) with primers BiolD2-HA-F (CTGCCACCCTCAGCTCTCGGGCCCGCTTAAGGCCTGTTA
ACCGG) and BiolD2-HA-R (GCAGAGAGAAGTTTGTTGCGCCGGATCCTGCGTAATCCGGTACATCGTAAGGG) (27).
To generate LentiPdlim2-BiolD2-HA cells, the PDLIM2 cDNA and BiolD2-HA PCR fragments were assembled
into Xbal- and BamHI-linearized lentiCas9-Blast (52962; Addgene) using the NEBuilder hifi DNA assembly
kit. The resulting LentiPdlim2-BiolD2-HA plasmid was introduced into HBMEC to generate LentiPdlim2-
BiolD2-HA cells using Lipofectamine 2000 reagent (catalog number 11668-030; Invitrogen).

The resulting LentiPdlim2-BiolD2-HA cells were seeded in 100-mm dishes and then cultured in bio-
tin-free Dulbecco’s modified Eagle’s medium (DMEM) containing 5% FBS for 4 days until confluence. The
LentiPdlim2-BiolD2-HA cell monolayers were then cultured in DMEM containing 5% FBS with or without
10 uM biotin for 20 h. The LentiPdlim2-BiolD2-HA cell monolayers were washed three time with cold
PBS and lysed in buffer (50 mM Tris-Cl, pH 7.4, 500 mM NaCl, 0.2% SDS) supplemented with protease/
phosphatase inhibitor cocktail (product number 5872S; Cell Signaling). For Western blot analysis, 25 ug
of cell lysate was loaded for each well. Pdlim2-BiolD2-HA was immunoblotted with anti-HA tag antibody
(HA.C5) (1:1,000, ab18181; Abcam). The biotinylated proteins were immunoblotted with Pierce high-sen-
sitivity streptavidin-HRP (1:1,000, catalog number 21130; Thermo Fisher Scientific).

The LentiPdlim2-BiolD2-HA cells were fixed in 4% paraformaldehyde/PBS for 10 min. The fixed cells
were permeabilized with 0.25% Triton X-100/PBS for 10 min. The cell samples were labeled with anti-HA
tag antibody (HA.C5) (1:200, ab18181; Abcam), followed by goat anti-mouse IgG(H+L) highly cross-
adsorbed secondary antibody, Alexa Fluor plus 488 (1:500, catalog number A32723; Invitrogen), and
Alexa Fluor 594 phalloidin (1:500, catalog number A12381; Invitrogen). DNA was detected with DAPI
(4’ 6-diamidino-2-phenylindole). The cell samples were imaged using a Zeiss LSM700 confocal micro-
scope and processed with ImageJ software.

Construction of cells expressing Pdlim2-GFP or Mprip-HA. PDLIM2 cDNA was amplified from first-
strand cDNAs with primers PDLIM2-F (CCGCCAGAACACAGGACCGGTTCTAGATAGCCACCATGGCGTTGA
CGGTG) and PDLIM2-R (GGCCCGAGAGCTGAGGGTGG). GFP was amplified from pEGFP-N1 (6085-1;
Addgene) with primers GFP-F (ACCTGCCACCCTCAGCTCTCGGGCCCGCTTAAGGCCTGTTGTGAGCAA
GGGCGAGGAGCT) and GFP-R (GCAGAGAGAAGTTTGTTGCGCCGGATCCCTTGTACAGCTCGTCCATGCQ).
To generate LentiPdlim2-GFP cells, PDLIM2 cDNA and GFP PCR fragments were assembled into Xbal-
and BamHl-linearized lentiCas9-Blast (52962; Addgene) using the NEBuilder hifi DNA assembly Kkit.
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The resulting LentiPdlim2-GFP plasmid was introduced into HBMEC using Lipofectamine 2000 rea-
gent (catalog number 11668-030; Invitrogen).

MPRIP cDNA was amplified from the first-strand ¢cDNAs with primers MPRIP-HA-F (CGCCAGAACA
CAGGACCGGTTCTAGATAGCCACCATGGCGTCGGCAGCCAAGGAGAACCC) and MPRIP-HA-R (GAGAGAAGT
TTGTTGCGCCGGATCCTGCGTAATCCGGTACATCGTAAGGGTAGGTATCCCACGAGACCTGCT). To generate
LentiMprip-HA cells, the MPRIP-HA PCR fragment was assembled into Xbal- and BamHI-linearized lentiCas9-
Blast (52962; Addgene) using the NEBuilder hifi DNA assembly kit. The resulting LentiMprip-HA plasmid was
introduced into HBMEC using Lipofectamine 2000 reagent (catalog number 11668-030; Invitrogen).

For colocalization analysis, the LentiPdlim2-GFP cells were fixed in 4% paraformaldehyde/PBS for
10 min. The cell samples were permeabilized with 0.25% Triton X-100/PBS for 10 min and then labeled
with Alexa Fluor 594 phalloidin (1:500, catalog number A12381; Invitrogen).

The LentiPdlim2-GFP cells were labeled with anti-MPRIP polyclonal antibody (1:200, catalog number
PA5-54631; Invitrogen), followed by goat anti-rabbit IgG(H+L) cross-adsorbed secondary antibody and
Alexa Fluor 568 (1:500, A-11011; Invitrogen).

The LentiPdlim2-GFP cells were infected with strain 5242 mCherry or KN99 mCherry and then fixed
in 4% paraformaldehyde/PBS for 10 min. The cell samples were permeabilized with 0.25% Triton X-100/
PBS for 10 min.

The LentiMprip-HA cells were fixed in 4% paraformaldehyde/PBS for 10 min. The cell samples were
permeabilized with 0.25% Triton X-100/PBS for 10 min and then labeled with anti-HA tag antibody (HA.
C5) (1:200, ab18181; Abcam), followed by goat anti-mouse IgG(H+L) highly cross-adsorbed secondary
antibody, Alexa Fluor plus 488 (1:500, catalog number A32723; Invitrogen), and Alexa Fluor 594 phalloi-
din (1:500, catalog number A12381; Invitrogen).

The LentiMprip-HA cells were infected with $242 mCherry or KN99 mCherry and then fixed in 4%
paraformaldehyde/PBS for 10 min. The cell samples were permeabilized with 0.25% Triton X-100/PBS for
10 min and then labeled with anti-HA tag antibody (HA.C5) (1:200, ab18181; Abcam), followed by goat
anti-mouse IgG(H+L) highly cross-adsorbed secondary antibody and Alexa Fluor plus 488 (1:500, catalog
number A32723; Invitrogen).

DNA was detected with DAPI. Cell samples were imaged using a Zeiss Axiolmager.A1 inverted micro-
scope with a DP80 charge-coupled-device (CCD) camera and processed with ImageJ software.

Construction of PDLIM2 rescue and MPRIP rescue cells. PDLIM2 cDNA was amplified from first-
strand cDNAs into two parts with primers PDLIM2-rescue_1 F (CCGCCAGAACACAGGACCGGTTCTAGATAG
CCACCATGGCGTTGACGGTG), PDLIM2-rescue_1 R (GGACTGGCTCTCGGTGTATGTTCTCACGGAGCCCTGGAA
GCGAGT), PDLIM2-rescue_2 F (CGTGAGAACATACACCGAGAGCCAGTCCTCCTTAAGGTCCTCCT), and PDLIM2-
rescue_2 R (AGAGAGAAGTTTGTTGCGCCGGATCCTGCGTAATCCGGTACATCGTAAGGGTAGGCCCGAGAGCTGAG
GGTGG). The PDLIM2 shRNA target sequence is underlined, and five silent mutations are highlighted in
bold. To generate LentiPdlim2-rescue cells, the PDLIM2 rescue_1 and PDLIM2 rescue_2 PCR fragments were
assembled into Xbal- and BamHlI-linearized lentiCas9-Blast (52962; Addgene) using the NEBuilder hifi DNA
assembly kit. The resulting LentiPdlim2-rescue plasmid was introduced into the PDLIM2 shRNA knockdown
cells using Lipofectamine 2000 reagent (catalog number 11668-030; Invitrogen).

The MPRIP cDNA was amplified from first-strand cDNAs into two parts with primers MPRIP-rescue_1 F
(CGCCAGAACACAGGACCGGTTCTAGATAGCCACCATGGCGTCGGCAGCCAAGGAGAACCC), MPRIP-rescue_1 R
(GCTCGTACAGTATGAAGAATCGGCGCTGCCATTTCCGAGACCGGTG), MPRIP-rescue_2 F (GCGCCGATTCTTCAT
ACTGTACGAGCACGGCCTCTTGCGC), and MPRIP-rescue_2 R (GAGAGAAGTTTGTTGCGCCGGATCCTGCGTA
ATCCGGTACATCGTAAGGGTAGGTATCCCACGAGACCTGCT). The MPRIP shRNA target sequence is under-
lined, and four silent mutations ae highlighted in bold. To generate LentiMprip-rescue cells, the MPRIP-res-
cue_1 and MPRIP-rescue_2 PCR fragments were assembled into Xbal- and BamHI-linearized lentiCas9-Blast
(52962; Addgene) using the NEBuilder hifi DNA assembly kit. The resulting LentiMprip-rescue plasmid was
introduced into the MPRIP shRNA knockdown cells using Lipofectamine 2000 reagent (catalog number
11668-030; Invitrogen).

BiolD pulldown. LentiPdlim2-BiolD2-HA cells were cultured in a 100-mm dish in biotin-free DMEM
containing 10% FBS for 4 days until confluence. The HBMEC monolayers were then incubated with E. coli
cells (1 x 10% cells/dish) or C. neoformans cells (1 x 107 cells/dish) in DMEM containing 5% FBS and
10 uM biotin for 20 h. The HBMEC monolayers were washed three times with cold PBS and lysed in
buffer (50 mM Tris-Cl, pH 7.4, 500 mM NaCl, 0.2% SDS) supplemented with protease/phosphatase inhibi-
tor cocktail (product number 5872S; Cell Signaling). The biotinylated proteins were isolated with Pierce
streptavidin magnetic beads (catalog number 88817; Thermo Fisher Scientific). The beads were washed
following the BiolD protocol (31). The biotinylated proteins were eluted from the streptavidin beads by
heating at 100°C for 10 min in 1x SDS-PAGE running buffer and then precipitated with trichloroacetic
acid (TCA). The pellets were washed twice with acetone, allowed to dry, and submitted to mass spec-
trometry analysis.

Mass spectrometry analysis and data analysis. The protein pellets were reconstituted in 10 ul
500 mM triethylammonium bicarbonate (TEAB) plus 300 ul water and sonicated for 15 min. The protein
samples were treated with a trypsin/Lys-C mixture, mass spectrometry grade (product number V5071;
Promega), at 37°C overnight. The tryptic peptides were desalted and then analyzed with liquid chroma-
tography-tandem mass spectrometry (LC-MS-MS) on a Q Exactive plus instrument in tandem Fourier
transform (FT-FT) mode at the Mass Spectrometry and Proteomics Facility of Johns Hopkins University.

The MS-MS spectra were searched via PD2.2 with Mascot against the Uniprot human species
(180915) database. The Mascot files were compiled in Scaffold and sent back to PD2.2 to identify the
peptides. In total, 210 proteins were identified against the Uniprot human species database with at least
one peptide at a 1% false discovery rate (FDR).
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The spectral counts were converted into the normalized log, protein ratios (28). The networks in Fig.
2 were generated with Cytoscape (version 3.2), with the nodes corresponding to the genes encoding
the proteins identified by BiolD and the node sizes proportional to fold enrichment over the values for
uninfected LentiPdlim2-BiolD2-HA cells. The bait Pdlim2 node size was set manually.
Data availability. The raw sequencing reads from this study have been submitted to the NCBI
sequence read archive (SRA) under BioProject accession no. PRINA632824.
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