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3T3-L1 adipocytes
Benjamin S. Roberts, Chelsea Q. Yang and Saskia B. Neher*

ABSTRACT
Lipoprotein lipase (LPL) is a secreted triglyceride lipase involved in the
clearance of very-low-density lipoproteins and chylomicrons from
circulation. LPL is expressed primarily in adipose and muscle tissues
and transported to the capillary lumen. LPL secretion is regulated
by insulin in adipose tissue; however, few studies have examined the
regulatoryand trafficking steps involved in secretion. Here, we describe
the intracellular localization and insulin-dependent trafficking of LPL in
3T3-L1 adipocytes. We compared LPL trafficking to the better
characterized trafficking pathways taken by leptin and GLUT4 (also
known as SLC2A4). We show that the LPL trafficking pathway shares
some characteristics of these other pathways, but that LPL subcellular
localization and trafficking are distinct from those of GLUT4 and leptin.
LPL secretion occurs slowly in response to insulin and rapidly in
response to the Ca2+ ionophore ionomycin. This regulated trafficking is
dependent on Golgi protein kinase D and the ADP-ribosylation factor
GTPase ARF1. Together, these data give support to a new trafficking
pathway for soluble cargo that is active in adipocytes.

This article has an associated First Person interview with the first
author of the paper.
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INTRODUCTION
The secreted enzyme lipoprotein lipase (LPL) is essential for the
clearance of post-prandial triglycerides (TGs) from the blood.
Following a meal, TGs are packaged into lipoprotein particles and
circulated through the bloodstream. LPL hydrolyzes the TGs
packaged into chylomicrons and very-low-density lipoprotein
particles, and participates in the uptake of remnant lipoprotein
particles (Hayne et al., 2017). In the fed state, elevated adipose
LPL activity enhances plasma TG clearance, in part through insulin
signaling (Saltiel and Kahn, 2001). In type 2 diabetes (T2D)
patients, poor insulin sensitivity is associated with low plasma LPL
activity (Huang et al., 2013), and reduced LPL activity is associated
with the development of cardiovascular disease, a major
comorbidity in T2D (Saltiel and Kahn, 2001).
LPL is primarily expressed in muscle and adipose tissues

(Semenkovich et al., 1989b). In adipose cells, LPL mRNA levels
fluctuate throughout the day in response to feeding and fasting
(Kroupa et al., 2012). In muscle and adipose, LPL transcription is

tightly regulated by the peroxisome proliferator-activated receptor
(PPAR) family of transcription factors (Schoonjans et al., 1996;
Ruby et al., 2010). In muscle, the intracellular energy sensor
adenosine monophosphate kinase (AMPK) regulates mRNA levels,
whereas other factors contribute to LPL biosynthesis in adipose
tissue (An et al., 2005; Kim et al., 2007). Although much is known
about the regulation of LPL biosynthesis (Li et al., 2002; Roberts
et al., 2018), less is known about the role of insulin in packaging and
trafficking mature LPL protein.

In adipocytes, insulin stimulation enhances LPL activity
independent of biosynthesis (Semenkovich et al., 1989). For this
reason, insulin-stimulated trafficking schemes used by other
proteins provide useful models for studying insulin-stimulated
LPL trafficking. The insulin-dependent post-translational regulation
of glucose transporter 4 (GLUT4; also known as SLC2A4) is
perhaps the best understood model of insulin-dependent protein
trafficking. Following a meal, elevated plasma insulin levels trigger
trafficking of GLUT4 to the plasma membrane (PM) to enhance
glucose uptake (James et al., 1988) without affecting GLUT4
biosynthesis (Flores-Riveros et al., 1993). In adipocytes, GLUT4 is
trafficked in specialized GLUT4 storage vesicles (GSVs) marked
with clathrin, various RAB GTPases and insulin-sensitive
transmembrane proteins (Jedrychowski et al., 2010). Like
GLUT4, recent studies have also examined the trafficking of the
soluble adipokine leptin in adipocytes. In addition to GLUT4, leptin
secretion may be a useful model of insulin-stimulated protein
trafficking. Leptin is trafficked in vesicles distinct from GSVs, and
leptin secretion requires an insulin-dependent biosynthetic step
(Wang et al., 2014). Thus, leptin is an alternative model cargo for
studying regulated protein trafficking in adipocytes.

Early studies concluded that LPL must be maintained in an
inactive, cryptic storage form in adipocytes (Pradines-Figueres
et al., 1990). In this cryptic state, lysate LPL activity is concentration
dependent (Pradines-Figueres et al., 1990), and both medium
and lysate LPL activity are sensitive to insulin stimulation
(Semenkovich et al., 1989). These findings could be attributed to
regulated LPL trafficking. Later studies showed that brefeldin A
(BFA) blocked LPL secretion and produced tubular LPL-marked
vesicles without affecting intracellular LPL activity (Park et al.,
1996). These findings hint at the existence of regulated LPL vesicles
or lipase storage vesicles (LSVs) in adipocytes.

More recently, studies have shed light on the composition and
possible regulation of LPL in LSVs. One study showed that the
VPS-family proteins SorLA and sortilin mediate LPL degradation,
but not LPL exocytosis (Klinger et al., 2011). In cardiomyocytes,
LPL secretion is dependent on protein kinase D (PRKD) family
proteins in an insulin-independent system (Kim et al., 2008).
Another recent study showed that LPL exocytosis is dependent on
the heparin sulfate proteoglycan (HSPG) syndecan 1 (SDC1) in
HeLa cells. In these cells, LPL is trafficked in a regulated pathway,
anchored by SDC1 and sorted into sphingomyelin (SM)-rich
trans-Golgi membranes (Deng et al., 2018; Sundberg et al., 2019).
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In 3T3 cells, LPL is sequestered prior to insulin-stimulated secretion
in SDC1-marked storage compartments (Gunn et al., 2020) which
may represent LSVs.
Adipocytes shed SDC1 in response to insulin stimulation, which

plays some role in the extracellular release of LPL from the cell
surface (Reizes et al., 2006). Here, we present the first detailed
molecular description of regulated intracellular LPL trafficking in a
physiologically relevant system. We show that LPL colocalizes
poorly with GLUT4 in adipocytes, and that their trafficking follows
physically and kinetically distinct pathways in response to insulin.
We find that an insulin-dependent biosynthetic step is required for
LPL release, and that Ca2+ can bypass the need for insulin in
stimulated secretion. Lastly, we show that Golgi PRKDs and ARF
GTPases are required for LSV trafficking to the plasma membrane.
These findings highlight the importance of insulin in regulated LPL
secretion, and add to a growing body of research that describes
atypical protein trafficking mechanisms.

RESULTS
Molecular characterization of LPL storage vesicles
We initially set out to describe the steady-state localization of LSVs in
3T3 adipocytes. We hypothesized that insulin stimulation would
affect the colocalization of LPL with markers of other insulin-
dependent trafficking pathways.Wemodeled our approach on studies
of GLUT4 trafficking and began by staining fixed adipocytes for
endogenous LPL and GLUT4. We found that LPL and GLUT4
appeared to be distributed differently under both conditions, and that
the colocalization of LPL with GLUT4 did not differ between
unstimulated (31±20%;mean±s.d.) and insulin-stimulated conditions
(37±16%) (Fig. 1A,I, quantified in Q). These data agreed with
another study using different methodologies suggesting that most
LPL and GLUT4 traffic separately (Roh et al., 2001).
Next, we turned our attention to basic vesicle markers associated

with GSVs. GSVs are generally considered clathrin-coated vesicles
(Camus et al., 2020), and do not usually localize to cholesterol-rich
lipid microdomains marked by caveolin at the PM (Lizunov et al.,
2013; Gao et al., 2017; Stenkula et al., 2010). Thus, we compared the
colocalization of LPLwith the membrane domainmarkers caveolin-1
(Cav1) and clathrin. We observed that a large amount of LPL
colocalized with Cav1 under basal (70±15%) and insulin-stimulated
conditions (65±14%) (Fig. 1C,K, quantified in Q). In addition to
cholesterol, Cav1 associates with membrane domains enriched in SM
(Caselli et al., 2002), in agreement with other findings that LPL is
sorted into SDC1-marked SM-rich compartments (Sundberg et al.,
2019). By contrast, less LPL colocalized with clathrin than Cav1 in
both unstimulated (32±14%) and insulin-stimulated (20±13%) cells
(Fig. 1B,J, quantified in Q). Furthermore, significantly less LPL
colocalized with clathrin after insulin stimulation (Fig. 1Q). These
results indicate that LPL primarily follows a Cav1-dependent
trafficking pathway, but that some LPL could follow a clathrin-
dependent pathway in unstimulated cells.
We next examined the colocalization of LPL with several Golgi

markers. First, we analyzed the colocalization of LPL with the
GLUT4-associated marker syntaxin 6 (STX6), a marker of GSVs
trafficking bi-directionally between the trans-Golgi network (TGN)
and endosomal network (Kumudu et al., 2003). We found that little
LPL colocalized with STX6 in both unstimulated (16±10%) and
insulin-stimulated cells (18±11%) (Fig. 1D,L, quantified in Q). This
finding indicates that LPL could follow a different TGN trafficking
pathway.
Because LPL colocalized poorly with STX6, we examined the

colocalization of LPL with the TGNmarkers golgin-97 (also known

as GOLGA1) and the ADP-ribosylation factor-binding protein
GGA2. Golgin-97 is a marker of a subset of post-Golgi cargo such
as the matrix metalloproteases (MMPs) MMP2 and MMP7 (Eiseler
et al., 2016) and GGA2 marks tubular TGN-to-endosome structures
(Tie et al., 2018). We found that LPL colocalized with golgin-97 to
a similar extent in unstimulated (46±15%) and insulin-stimulated
(39±20%) cells (Fig. 1E,M, quantified in Q). Similarly, LPL
colocalized with GGA2 to the same extent in unstimulated (49
±17%) and insulin-stimulated (48%±18) cells (Fig. 1F,N, quantified
in Q). Together, our data suggests that LPL is trafficked from a
subset of TGN structures marked primarily with GGA2 and golgin-
97 and undergoes some exchange between the TGN and
endosomes.

In adipocytes, GLUT4 is sorted between the TGN and
endosomes (Kumudu et al., 2003) which led us to examine the
colocalization of LPL with several endosomal sorting markers. We
found that some LPL colocalized with the early endosome marker
EEA1 under unstimulated (40±20%) and insulin-stimulated (38
±21%) conditions (Fig. 1G,O, quantified in Q). In addition to
EEA1, we analyzed the colocalization of LPL with the GLUT4-
associated markers RAB10 (Sano et al., 2007), LAMP1 (Xie et al.,
2016), RAB4A (Imamura et al., 2003) and ARF6 (Yang and
Mueckler, 1999). LPL colocalized with RAB10 to similar extents in
unstimulated (51±14%) and insulin-stimulated (44±15%) cells
(Fig. 1H,P, quantified in Q), indicating that LPL is partially
localized to the late endosomes. LPL also colocalized with the fast-
recycling endosome marker RAB4A in unstimulated (42±14%) and
insulin-stimulated (43±11%) cells (Fig. S1A,D, quantified in G).
Like GLUT4, LPL is targeted to lysosomes during degradation (Xie
et al., 2016; Klinger et al., 2011). LPL colocalized with LAMP1
to equal extents in unstimulated (35±11%) and insulin-stimulated
cells (37±11%) (Fig. S1B,E, quantified in G). Finally, we found
that some LPL colocalized with the membrane marker ARF6
in unstimulated (39±14%) and insulin-stimulated (43±13%) cells
(Fig. S1C,F, quantified in G).

Together, these data indicate that at steady-state LPL colocalizes
with caveolar membranes in the TGN and endosomes. Furthermore,
we conclude that LSVs follow a prescribed trafficking route
that varies little between unstimulated and insulin-stimulated
conditions. We proceeded to characterize other differences in
unstimulated and insulin-stimulated LPL trafficking.

In addition to microscopy, subcellular fractionation has been used
to characterize intracellular GLUT4 trafficking. Non-cycling GSVs
are enriched in the large microsome fractions under basal conditions
and in the small microsome fractions during insulin stimulation,
with the large microsome fractions containing the Golgi, ER and
PM, and the small microsome fractions containing mostly
endosomes, GSVs and other small structures (Kupriyanova et al.,
2002; Roh et al., 2001; Yeh et al., 2007). Because an earlier study
showed that LPL does not cofractionate with GLUT4 under basal
conditions (Roh et al., 2001), we asked whether insulin stimulation
affected LPL trafficking relative to GLUT4 trafficking. We used a
velocity fractionation approach to separate cellular components by
size. Under basal conditions, both full-length (∼55 kDa) and
cleaved LPL (∼ 35 kDa) LPL were enriched in large microsomes at
the bottom of the gradient and were absent from the small
microsomes entirely. GLUT4 was present in the small and large
microsomes, partially overlapping with LPL (Fig. 2A). Whereas
30 min of insulin stimulation led to GLUT4 accumulation in small
microsomes, LPL remained concentrated in the heaviest fractions
(Fig. 2A). After 2 h of insulin stimulation, the remaining GLUT4
had returned to the large microsomal fractions due to endolysosomal

2

RESEARCH ARTICLE Journal of Cell Science (2022) 135, jcs258734. doi:10.1242/jcs.258734

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.258734
https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.258734
https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.258734


Fig. 1. See next page for legend.
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recycling, which is responsible for GLUT4 turnover in insulin-
stimulated cells (Brewer et al., 2014; Xie et al., 2016). At this time
point, LPL remained unmoved from large microsomal fractions,
with a slight in decrease in mass attributable to secretion of LPL into
the medium (Semenkovich et al., 1989).
Together, these data indicate that, unlike GLUT4, which is

exchanged between membranes during trafficking, LPL is trafficked
in stable vesicles that undergo little change during insulin-
stimulated trafficking. Instead, LPL vesicles may be Golgi or
post-Golgi structures resembling caveolar SM microdomains. Our
findings shown in Figs 1 and 2 suggest that unlike GSVs, LSVs
could traffic directly between the Golgi and the PM.
After seeing the clear differences between GLUT4 and LPL

trafficking, we turned our attention to an alternative model of cargo
trafficking in adipocytes. The adipokine leptin is a soluble cargo
secreted in response to extended insulin stimulation that does not
cofractionate with GSVs (Wang et al., 2014). Thus, we examined
the colocalization of LPL with leptin. We found that leptin was
distributed in post-Golgi structures resembling LSVs and that 30–
40% of LPL colocalized with leptin in unstimulated (40±16%;
mean±s.d.) and insulin-stimulated (37±20%) cells (Fig. 3A). This
colocalization level was similar to the colocalization of LPL with
GLUT4 (Fig. 1Q) and agreed with data from Roh et al. (2001) who
showed that leptin, GLUT4 and LPL traffic separately in adipocytes.
Different effectors regulate leptin vesicles and GSVs (Fig. 3B).
Despite these differences, the morphological resemblance between
LSVs and leptin vesicles was compelling. We hypothesized that
LPL trafficking could more closely resemble leptin trafficking than
GLUT4 trafficking, so we investigated the effects of known leptin
effectors on LPL trafficking.

The effect of insulin on LPL secretion
Insulin-stimulated leptin secretion takes several hours and involves
a biosynthetic step (Wang et al., 2014). Contradictory studies have
indicated that insulin plays either a transcriptional (Ong et al., 1988)
or post-translational role (Vannier et al., 1989) in LPL trafficking, so
we asked whether insulin-stimulated LPL secretion involved
changes in LPL biosynthesis. To do so, we first analyzed the rate
of LPL secretion to the medium in response to insulin stimulation.
Like leptin, we found that LPL secretion takes place within 2 h of
insulin treatment (Fig. 4A,B). For this reason, we conducted the
remainder of our experiments after 120 min of vehicle or insulin
treatment.
Whereas the ribosome inhibitor cycloheximide (CHX) inhibits

insulin-stimulated leptin secretion (Wang et al., 2014), GLUT4
translocation is insensitive to CHX treatment (Slot et al., 1997).
Thus, we treated cells with CHX prior to and during insulin
stimulation and measured LPL in cell lysate and medium.We found

that, like leptin, both unstimulated and insulin-stimulated LPL
secretion was sensitive to CHX treatment (Fig. 4C,D). Interestingly,
CHX reduced LPL secretion to a consistently low level
independently of insulin stimulation. This finding supports a
trafficking model where bulk flow continuously releases a small
amount of LPL into the medium, whereas CHX blocks an active
regulated export pathway. To rule out the effect of LPL transcription
in insulin-stimulated secretion, we measured levels of LPL mRNA
using reverse-transcription real-time quantitative PCR (RT-qPCR)
and found that insulin did not significantly alter LPL mRNA levels
relative to GAPDH (Fig. S2).

Several prior studies have analyzed the effect of insulin on gene
expression and protein biosynthesis. These studies have identified
plausible insulin-regulated LPL partner proteins (Wang et al., 2004,
2006). We asked whether insulin affected the biosynthesis of one
candidate, the LPL partner SDC1. However, we found that acute
insulin stimulation did not significantly affect SDC1 protein levels
(Fig. S3). Together, these findings show that insulin is not involved
in either LPL or SDC1 biosynthesis in mature adipocytes. Instead,
they show that acute insulin stimulation may regulate the
biosynthesis of an unidentified protein required for regulated
insulin-stimulated LPL secretion.

Ca2+ dependence of LPL secretion
Ca2+ is essential in insulin signaling (Worrall and Olefsky, 2002)
and both GLUT4 trafficking (Li et al., 2014) and leptin secretion
(Wang et al., 2014) are sensitive to intracellular Ca2+ levels.
Thus, we first asked whether ionomycin was able to induce LPL
secretion in the absence of insulin. To our surprise, ionomycin
stimulated full-length LPL secretion in as little as 30 min, more
quickly than insulin did (Fig. 5A). In contrast, we found that
ionomycin treatment did not significantly enhance the secretion of
the soluble protein adiponectin (Fig. S4). Together, these data
indicate that high intracellular Ca2+ levels enhance the secretion of
some insulin-regulated adipocyte cargo, such as LPL.

Next, we treated cells with the Ca2+ chelator BAPTA-AM, which
completely abolished LPL secretion (Fig. 5B). We found that
BAPTA treatment caused a reduction in intracellular LPL levels
(Fig. 5B). This may be due to enhanced degradation of LPL in
the lysosomes, as BAPTA is known to interfere with lysosomal
trafficking (Xu and Ren, 2015). Whereas insulin does not
significantly increase intracellular Ca2+ levels (Wang et al., 2014),
Ca2+ is required for insulin signaling in 3T3 cells (Worrall and
Olefsky, 2002). Together, these data suggest that LPL and leptin
share some upstream signaling regulators, such as the insulin
signaling pathway, but rely on separate terminal signaling steps.

Molecular characterization of LPL storage vesicles
Ca2+ fulfills many fundamental roles as a secondary messenger in
cell physiology (Bootman and Bultynck, 2020), making it difficult
to hypothesize a singular role in protein trafficking. However, recent
studies have shown that Ca2+-dependent protein kinases and
phospholipases localized to the Golgi are important for atypical
protein secretion (Egea-Jimenez and Zimmermann, 2018).
Specifically, PRKDs have been shown to facilitate Golgi vesicle
formation and bidirectional trafficking (Bossard et al., 2007). A
previous study found that in chemically induced diabetic rats,
PRKD cleavage was associated with a reduction in LPL activity
(Kim et al., 2009); however, the relationship between different
PRKD isoforms, insulin and LPL is unknown. Thus, we measured
the effects of several protein kinase inhibitors on insulin-stimulated
LPL secretion. The well-characterized pan-protein kinase C

Fig. 1. Intracellular localization of LPL in 3T3-L1 adipocytes. (A–H)
Adipocytes were treated with vehicle (basal) or (I–P) with insulin for 120 min
before being fixed and stained for the indicated target. Insets show selected
magnified views of the indicated area. Examples of colocalizing puncta are
indicated with arrowheads. Scale bars: 10 μm. (Q) The colocalization of LPL
with the indicated markers as indicated by the Mander’s coefficient is shown
(A.U., arbitrary units). All datasets are from three biological replicate sets:
GLUT4 (basal n=32; insulin-stimulated n=30), clathrin (basal n=35; insulin-
stimulated n=21), caveolin 1 (basal n=33; insulin-stimulated n=27), syntaxin 6
(basal n=28; insulin-stimulated n=31), golgin-97 (basal n=25; insulin-
stimulated n=22), GGA2 (basal n=36; insulin-stimulated n=32), EEA1 (basal
n=31; insulin-stimulated n=26), RAB10 (basal n=21; insulin-stimulated n=29).
Each point reflects data from a single cell. P-values were calculated with a
Student’s t-test.
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(PRKC) and PRKD inhibitor Gö6976 reduced LPL secretion by
over 25% after 120 min of insulin stimulation but had no effect in
unstimulated cells (Fig. 6A). Next, we treated cells with the PRKD-
specific inhibitor CRT0066101 (CRT) (Jensen et al., 2016). In
insulin-stimulated cells, CRT reduced full-length and cleaved LPL
secretion by over 50%, but again had no effect on unstimulated cells
(Fig. 6B).

Several PRKD isoforms are found in the Golgi (Pusapati et al.,
2009). Both PRKD2 and PRKD3 are major regulators of trans-
Golgi vesicle transport (Stalder and Gershlick, 2020) and PRKD2
has been linked to insulin signaling in several tissues (Xiao et al.,
2018). Thus, we asked whether PRKD2 specifically associated with
LPL in adipocytes. We infected mature 3T3-L1 adipocytes with
lentiviruses as has been done elsewhere (Carlotti et al., 2004)

Fig. 2. LPL and GLUT4 do no fractionate together in 3T3 adipocytes. (A) Adipocytes were treated with vehicle (basal) or insulin for the indicated times and
lysed. Cleared lysate (Input), total large or small microsomal fraction (Load), and pooled fractions are indicated. Whereas GLUT4 shifts between large and small
microsomes upon insulin stimulation, LPL does not and remains in the largest of the large microsomes. All experiments were repeated in duplicate. (B) The
average band intensity of full-length LPL or GLUT4 from replicate experiments are plotted for each sample (n=2).
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carrying either a PRKD2 knockdown (KD) or scramble shRNA and
analyzed lysate and medium LPL levels. In scramble cells, LPL
secretion was increased by 120 min of insulin treatment, whereas
secretion was reduced in PRKD KD cells (Fig. 6C). PRKD2 KD
had no effect on LPL secretion in unstimulated cells (Fig. 6C).
These results closely resembled the results from our experiments
with CRT and confirmed that PRKD2 specifically regulates LPL
secretion in adipocytes.
Next, we used sorbitol fractionation to analyze PRKD2 levels in

3T3-L1 adipocytes before and after 120 min of insulin stimulation
and found PRKD2 in the same fractions as LPL under basal and
insulin-stimulated conditions (see PRKD2 in Fig. 6D and LPL
in Fig. 2A). In agreement with this data, we observed that
overexpressed PRKD2-V5 colocalized with endogenous LPL in
fixed cells (Fig. 6E). In 3D reconstructions, LPL decorated V5-
marked Golgi tubules and post-Golgi puncta (Fig. 6E). Following
these findings, we investigated the role of PRKD2 partners in
insulin-stimulated LPL secretion.

The role of ARF1 in LPL secretion
Recent studies have identified ARF1 as an essential PRKD partner
in Golgi to PM trafficking. Specifically, the isoform PRKD2 is
recruited to the Golgi by GTP-bound ARF1 (Pusapati et al., 2009).
Whereas ARF1 is generally described as an essential component of
the ER to Golgi secretory route, it is also essential in insulin-
stimulated post-Golgi vesicle trafficking (Shome et al., 1997;
Bottanelli et al., 2017; Kumar et al., 2019). Furthermore, the ARF1
guanine exchange factor (GEF) inhibitor BFA significantly reduces
leptin secretion in adipocytes (Wang et al., 2014) and reduces LPL
secretion but not intracellular LPL activity (Park et al., 1996). Thus,
we asked whether BFA inhibited insulin-stimulated LPL secretion.

We found that BFA completely abolished LPL secretion under
insulin-stimulated and basal conditions (Fig. 7A). However,
inhibition of ARF1 GEFs by BFA promotes the collapse of the
Golgi into the ER, making it a blunt, preliminary tool for dissecting
ARF1-dependent trafficking (Bannykh et al., 2005).

Several studies show that BFA does not prevent the secretion of
some constitutively secreted cargo that is present in the post-Golgi
compartments. For example, in yeast a mature glycosylated form of
α-factor is secreted in BFA-treated cells whereas an immature form is
not (Graham et al., 1993). In pancreatic acinar cells, BFA does not
prevent the constitutive secretion of pancreatic lipase (De Lisle and
Bansal, 1996) orα-amylase from zymogen granules (Hendricks et al.,
1992). LPL secretion requires glycosylation in the ER and cis-Golgi.
However, essential processing happens in the cis-Golgi and
processing of the high and low-mannose forms in the medial- and
trans-Golgi are not required for LPL secretion (Simsolo et al., 1992).
In adipocytes, adiponectin secretion is enhanced by extended insulin
treatment (Blümer et al., 2008) and partly blocked by BFA treatment
(Wang et al., 2014; Xie et al., 2008). In agreement with those studies,
we found that BFA partly reduced the secretion of adiponectin by
75–80% (Fig. S5), in contrast with LPL secretion which was reduced
by over 95% following BFA treatment (Fig. 7A).

In addition to BFA, overexpression of a dominant-negative form
of ARF1 T31N, which is unable to bind GTP, blocks the trafficking
of certain cargo (Jung et al., 2012). GTP hydrolysis is required for
PRKD2-dependent tubule formation (Bottanelli et al., 2017) and
ARF1 T31N has a reduced capacity for binding PRKD2 (Pusapati
et al., 2009). Thus, we asked whether ARF1 was required to
facilitate regulated LPL trafficking. To test this, we generated stable
3T3-L1 cell lines expressing ARF1 T31N–GFP or ARF1 wild type
(WT)–GFP to test whether heterozygous expression of ARF1 T31N

Fig. 3. Leptin trafficking resembles that of LPL rather than GLUT4 trafficking. (A) Unstimulated cells were stained for LPL (magenta) and leptin (green).
Insets show selected magnified views of the indicated area. Examples of colocalizing puncta are indicated with arrowheads. The Mander’s overlap coefficient of
LPL overlapping leptin is shown for unstimulated (white) and insulin-stimulated (gray) cells from three biological replicates: basal (n=34) insulin-stimulated (n=36).
A.U., arbitrary units. The P-value was calculated with a Mann–Whitney t-test. Scale bar: 10 μm. (B) Comparison of the leptin and GLUT4 pathways. IR, insulin
receptor.
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with endogenous ARF1 WT would affect LPL secretion. In
unstimulated cells, there was no difference in LPL secretion
between control, ARF1 WT and ARF1 T31N samples (Fig. S6),
indicating that unstimulated constitutive secretion may not rely on
high ARF1 activity. In contrast, insulin stimulation significantly
increased LPL secretion in both control cells and cells
overexpressing ARF1 WT relative to the basal state, whereas
insulin stimulation had no effect on LPL secretion in cells
expressing ARF1 T31N (Fig. 7B). Furthermore, we found that
overexpression of ARF1 T31N did not have a significant effect on
unstimulated or insulin-stimulated adiponectin secretion (Fig. S7A–
D). These results indicate that ARF1 may play a unique role in
insulin-stimulated LPL secretion in adipocytes.
We found that ARF1 WT forms distinct ring-like structures

overlapping with or adjacent to LPL in unstimulated cells (Fig. 7C).
We observed similar structures in cells expressing ARF1 T31N
(Figs 7C). Exogenous ARF1WTand T31N form similar structures in

other cell types (Nakamura et al., 2004). This finding raises the
possibility that ARF1 associates with mature LSVs, and ARF1 T31N
may affect LSV stability and release rather than LSV formation. The
well-defined ARF1 structures we observed led us to examinewhether
ARF1 localized with PRKD2 in 3T3 adipocytes. To examine the
cellular localization of LPL with PRKD2 and ARF1, we transfected
cells with ARF1WT–GFP and PRKD2–V5 and stained for GFP, V5
and endogenous LPL.We found that PRKD2 colocalized with ARF1
in tubular structures abutting LPL marked compartments (Fig. 7D).
Our results support the hypothesis that LSVs localize to a specialized
insulin-stimulated trafficking site in adipocytes.

DISCUSSION
LPL is an essential enzyme in the regulation of plasma triglycerides.
A loss of LPL activity either due to genetic loss, inhibition or
dysfunctional signaling can result in pathological hyperlipidemia,
and in individuals with T2D, poor insulin sensitivity correlates with

Fig. 4. Insulin regulates LPL secretion through a translational step. (A,B) Cells were treated with insulin or vehicle for the indicated times and harvested after
4 h with 15 U/ml heparin. The intensity of total LPL (full-length plus cleaved) was measured and plotted as the band intensity relative to cells treated with vehicle
(0 min). P-values were calculated by one-way ANOVA with Dunnett’s post-hoc test. (C,D) Cells were treated with vehicle or 25 μM CHX before treatment with
vehicle or insulin, and vehicle or CHX for the indicated times. Full-length LPL bands inmediaweremeasured and plotted asmedia levels relative to total LPL levels
(medium or medium plus lysate) under each condition. Significant interactions were calculated with a three-way ANOVA and P-values were calculated with
Student’s t-test. All experiments were completed in triplicate. IB, immunoblot.
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low plasma LPL activity (Huang et al., 2013). However, amechanism
for insulin-dependent LPL activity has remained elusive. In the 1980s
a series of studies described the biosynthesis (Vannier et al., 1989)
and regulated release of LPL in 3T3-L1 adipocytes (Semenkovich
et al., 1989), showing that insulin regulates LPL activity at post-
translational steps. A decade later, another study showed that insulin
regulates LPL trafficking through both the AKT and mTORC
pathways (Kraemer et al., 1998). Although GLUT4 exhibits well-
described insulin-stimulated trafficking, subcellular fractionation has
shown that LPL trafficking is unlike GLUT4 trafficking in rat
adipocytes (Roh et al., 2001). Instead, Kim et al. (2009) identified
PRKD as a unique regulator of cardiac LPL secretion in diabetic rats.
Together, these findings conclusively implicated insulin in a
regulated LPL trafficking pathway.
Several recent publications have advanced our understanding of

LPL trafficking. In a series of publications, the Burd group
identified a novel mechanism of soluble protein sorting specific to
SM carriers originating in the trans-Golgi. One of these cargos,
SDC1, had been previously implicated in LPL release from
adipocytes (Deng et al., 2018, 2016; Reizes et al., 2006). In a
subsequent study, Sundberg et al. (2019) showed that LPL
trafficking required SDC1 and SM carriers for TGN to PM
trafficking. Our group recently described a novel oligomerization of

LPL in a helical structure. We found that LPL formed tube-like
filaments that colocalized with SDC1 in adipocytes, and that
disruption of a critical helical interface disrupted the tube-like
appearance of the LPL in cells (Gunn et al., 2020). Together, these
publications indicate that LPL secretion follows a unique regulated
pathway in cells such as adipocytes.

We observed that LPL localizes to a unique secretory
compartment in distal structures throughout the cell, unlike what
is seen for GLUT4, which is concentrated in the perinuclear region
under basal conditions or at the PM during insulin stimulation
(Fig. 1). We found that LPL colocalizes with Cav1, the Golgi
marker GGA2 and the endosome marker RAB10 (Figs 1). To our
surprise, only the colocalization of LPL with clathrin changed after
insulin stimulation. This decreased colocalization may be caused by
a shift from LPL bulk flow to regulated trafficking with SDC1.
These results led us to examine LPL using subcellular fractionation.
We found that LPL fractionated in large structures that did not
respond to insulin stimulation as GLUT4 did (Fig. 2). Following
insulin stimulation, GSVs are trafficked from large perinuclear
structures to small endosomal structures (Kupriyanova et al., 2002).
In contrast, LPL did not undergo exchange between fractions
containing differently sized structures. Between these results, it is
tempting to interpret these data as an indication that LPL is

Fig. 5. Ca2+ is necessary and sufficient for stimulated LPL secretion. (A) Cells were treated with either insulin (left) or ionomycin (right) for the indicated times.
Untreated cells (0) were treated with vehicle alone. Total medium LPL (full-length and cleavage) wasmeasured and plotted relative to values in untreated cells (0).
P-values were calculated by one-way ANOVAwith Dunnett’s post-hoc test. (B) Cells were pre-treated with DMSO or BAPTA-AM for 30 min before the addition of
either vehicle or insulin for the indicated times. Total media LPL is plotted. Significant interactions were calculated with a two-way ANOVA and P-values were
calculated with Šidák-corrected pairwise tests. All experiments were repeated in triplicate. IB, immunoblot.
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Fig. 6. See next page for legend.
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trafficked in stable LSVs without undergoing the extensive sorting
that GLUT4 does. However, live-cell imaging experiments are
necessary to clarify the temporal association of LPL and with these
markers and compartments.
After observing that GLUT4 trafficking did not resemble LPL

trafficking, we turned to leptin as an alternative model of insulin-
stimulated trafficking. Using microscopy, we found that LPL
vesicles more closely resembled leptin vesicles than GLUT4
vesicles and we hypothesized that certain leptin-trafficking
effectors might also affect LPL secretion (Fig. 3). We found that
insulin-stimulated LPL secretion requires a biosynthetic step, but
that insulin does not regulate LPL biosynthesis itself (Fig. 4).
We found that insulin enhanced LPL secretion over the course of
several hours, significantly more slowly than the rate of change for
insulin-stimulated GLUT4 trafficking (Brewer et al., 2014). Plasma
TG and plasma glucose levels rise following a meal. In healthy
individuals, postprandial plasma glucose levels drop more quickly
than postprandial plasma TG levels (Lambert and Parks, 2012;
Morrison et al., 2018). Thus, in a physiological context adipocyte
LPL secretion may lag behind GLUT4 trafficking to prioritize
glucose uptake for immediate use over TG uptake for storage.
Interestingly, insulin stimulation can be bypassed through Ca2+

influx suggesting that insulin is important for a trafficking step
independent of LSV maturation (Fig. 5). Given the role of PRKD in
this process, insulin may mediate one or more events including a
Ca2+-regulating signaling step.
Insulin does not significantly raise intracellular Ca2+ levels in

3T3 cells (Wang et al., 2014). However, Ca2+ is essential for
signaling events immediately downstream of insulin receptor
signaling (Worrall and Olefsky, 2002). Ca2+ loading in myoblasts
increases PM GLUT4 levels and Ca2+ chelation with BAPTA-AM
blocks GLUT4 trafficking (Li et al., 2014). In contrast, whereas
insulin-stimulated leptin secretion is blocked by BAPTA, Ca2+

loading by ionomycin is not sufficient to stimulate leptin secretion
(Wang et al., 2014). Both phospholipases C (PLC) and D (PLD)
respond to Ca2+ flux by producing diacylglycerol (DAG) and
phosphatidic acid (PA) (Jenkins and Frohman, 2005; Kanaho et al.,
1992). These signaling lipids recruit protein kinases to the
membrane. Specifically, PRKC isoforms continue to activate PLC
and PLD, as well as PRKD (Jenkins and Frohman, 2005); and,
simultaneously, insulin activates PRKC directly through PDK1
(Boucher et al., 2014). These parallel and cyclic signaling events
generate DAG and PA to recruit machinery such as PRKD to the
Golgi membrane. In myocytes, PRKD is required for LPL

trafficking (Kim et al., 2009) and, in HeLa cells, PRKD2 is
involved in MMP trafficking (Eiseler et al., 2016). We found that
inhibition or knockdown of PRKD2 reduced insulin-stimulated but
not unstimulated LPL secretion (Fig. 6). Thus, PRKD2 is critical for
regulated LPL secretion in adipocytes.

We also found that BFA entirely blocked LPL secretion (Fig. 7)
in contrast with what was seen for adiponectin, which is only partly
blocked by BFA (Fig. S5). BFA inactivates the small GTPase ARF1
by inhibiting ARF1 GEFs (D’Souza-Schorey and Chavrier, 2006).
ARF1 classically plays a central role in regulating ER to Golgi
trafficking (Dascher and Balch, 1994) but has also emerged as a
unique regulator of some Golgi to PM transport (Bottanelli et al.,
2017). For example, whereas BFA treatment abolishes polarized
SDC1 trafficking (Miettinen et al., 1994), BFA treatment does not
inhibit the insulin-stimulated trafficking of mature GSVs (Martin
et al., 2000) and only partly inhibits adiponectin trafficking (Xie
et al., 2008). Because SDC1 is found in LSVs (Gunn et al., 2020;
Sundberg et al., 2019) and we show that LSV trafficking is ARF1-
dependent, it stands to reason that SDC1 sorting is ARF1-dependent
in 3T3-L1 adipocytes.

In our hands, BFA entirely blocked LPL secretion (Fig. 7),
indicating that ARF1 GEFs are required for LPL trafficking.
However, expression of a dominant-negative ARF1 lacking GTPase
activity reduced insulin-stimulated LPL secretion without affecting
unstimulated LPL secretion (Fig. 7; Fig. S6). Thus, sufficient ARF1
GTPase activity is essential for regulated LPL trafficking but not for
the low levels of basal secretion observed in unstimulated cells.
Future studies should use live-cell imaging to further describe the
roles of ARF1 WT and dominant-negative ARF1 on subcellular
LPL trafficking.

Our microscopy studies (Fig. 7) show that PRKD2, LPL and
ARF1 localize to many of the same structures in adipocytes. Our
findings show that Ca2+, insulin, and both ARF1 and PRKD2
are required for LPL secretion from these structures. In other
cell types, PRKD2 and ARF1 associate and regulate membrane
budding at the TGN (Eiseler et al., 2016; Hausser et al., 2005). In
addition, ARF1 regulates endosome trafficking in cargo sorting
(Nakai et al., 2013). Thus, it is possible that ARF1 participates
in LPL sorting in the endosomal network. Further studies are
necessary to identify specific roles and to demonstrate a direct
relationship between ARF1 and PRKD2 in insulin-stimulated LPL
trafficking.

In conclusion, to the best of our knowledge our study provides the
first evidence of an insulin-regulated Golgi to PM trafficking
pathway in adipocytes. A number of excellent proteomics
(Humphrey et al., 2013; Wang et al., 2004) and transcriptomics
(Wang et al., 2006) studies have identified insulin-regulated
pathways that could serve the basis for future investigations of
regulated trafficking. These studies should identify cargo unique to
insulin-regulated Golgi to PM secretory vesicles and examine the
involvement of membrane lipids in this process (Fig. 8).

MATERIALS AND METHODS
Cell culture
3T3-L1 adipocytes (American Type Culture Collection; Manassas, VA,
USA; CL-173) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco; 11965) containing 10% fetal bovine serum (FBS) (Avantor
Seradigm; Radnor, PA, USA), 1× L-glutamine (Gibco; 35050) and 1×
penicillin/streptomycin (Gibco; 15070). 3T3 cells were differentiated as
previously described (Gunn et al., 2020). Briefly, cells were maintained in
DMEM containing 10% premium FBS (Avantor Seradigm; Premium Grade
FBS), 1.5 μg/ml insulin (Gibco; 12585), 0.5 mM IBMX (Sigma-Aldrich;
I5879), 1 μM dexamethasone (Sigma-Aldrich; D4902) and 2 μM

Fig. 6. Golgi-localized protein kinase D is required for insulin stimulated
LPL trafficking. (A) Cells were pre-treated with DMSO or GO6976 for 30 min
before treatment with vehicle or insulin for the indicated times. Total LPL (full-
length plus cleaved) is plotted relative to values in vehicle-treated control.
(B) Cells were pre-treated with CRT0066101 for 30 min before the addition of
either vehicle or insulin for the indicated times. Total LPL is plotted as in
A. Secretion assays were repeated in triplicate. (C) Lentiviral expression of an
shRNA targeting PRKD2 in 3T3-L1 cells reduces insulin-stimulated LPL
secretion versus cells expressing scramble shRNA. Full-length LPL in media
samples relative to total full-length LPL (medium plus lysate) is plotted for three
replicates experiments. The interaction between the scramble and shPRKD2
group is shown (##P=0.008). (D) Fractionated cells were treated as in Fig. 2 and
western blots were probed for PRKD2. Fractionations were repeated twice.
(E) A representative image of a 3T3-L1 adipocyte immunostained for
PRKD2-V5 (green) and endogenous LPL (magenta). A 3D Imaris rendering is
shown. Insets show selected magnified views of the indicated area.
Arrowheads highlight an example of LPL decorating the PRKD2-marked
tubule. Significant interactions were calculated with a two-way ANOVA and P-
values were calculated with Šidák-corrected pairwise tests. IB, immunoblot.
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Fig. 7. See next page for legend.
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rosiglitazone (Sigma-Aldrich; R2408) (M2 medium) for 48 h, in DMEM
containing 10% premium FBS and 1.5 μg/ml insulin (M3 medium) for 48 h,
and again in M2 medium for 48 h before maintenance in M3 medium until
use. Cells were grown until at least day 10 of differentiation before use in
experiments. At 16 h before use, cells were rinsed in PBS and grown
overnight in DMEM containing 0.2% bovine serum albumin (BSA) (Sigma-

Aldrich; A8806), 1× L-glutamine and 1× penicillin/streptomycin. Cells
were rinsed with phosphate-buffered saline (PBS) and grown in DMEM
containing 0.02% BSA for all LPL secretion western blot and mRNA
isolation experiments; cells were grown in DMEM containing 0.2% BSA
during all other experiments.

Fluorescence microscopy
Cells were grown and treated as described previously (Gunn et al., 2020).
Briefly, cells were plated on #1.5 coverslides (Fisher; 12-545-81P) coated
with poly-D-lysine (Sigma-Aldrich; P7405) and rat tail collagen (Gibco;
A1048301). Following treatments, cells were washed with PBS and fixed
with 4% paraformaldehyde for 5–10 min at 22°C. Cells were washed with
PBS three times for 10 min each and permeabilized with 0.2% Triton X-100
(Fisher; T9284) in blocking solution (PBS, 5% BSA, 100 mM glycine) for
15 min. Next, cells were blocked for 30 min at 22°C with 5% donkey serum
(Sigma-Aldrich; D9663) in blocking solution. Cells were stained in parallel
with anti-LPL (1:40; R&D systems; AF7197) overnight at 4°C followed by
PBS washes and staining with anti-goat-IgG conjugated to Alexa Fluro 594
(AF594) (1:1000; Invitrogen; A-21468) for 1 h at 22°C. Next, cells were
washed with PBS and stained overnight with anti-GLUT4 (1:1000; Abcam;
ab654), anti-caveolin 1 (1:400; Cell Signaling Technologies (CST); 3238S),
anti-clathrin (1:50; CST; 4796S), anti-syntaxin 6 (1:50; CST; 2869T), anti-V5
(1:1500; Biorad; MCA1360), anti-GGA2 (1:100; SCBT; sc-133147), anti-
golgin-97 (1:200; CST; 13192S), anti-EEA1 (1:200; CST; 3288S) or anti-
GFP (1:1000; Invitrogen; A11122) antibodies. Finally, cells were washed
with PBS and stained with donkey-anti-rabbit-IgG conjugated to Alexa Fluro
488 (AF488) (1:1000; Invitrogen; A-21206) for 1 h at 22°C. Cells stained for
V5 tag were also stained with anti-mouse-IgG conjugated to Alexa Fluro 405
(1:1000; Invitrogen; 31553). Samples stained with AF488 and AF594 were
also stained with DAPI (10 μM; Invitrogen; D9542) in PBS and mounted in
Prolong Diamond antifade (Invitrogen; P36961).

Fig. 7. ARF1 is essential for LPL secretion. (A) Cells were treated with 5 µg/ml
BFA for 30 min before insulin was added for 0 or 2 h. Graphs show full-length
medium and lysate LPL levels relative to untreated controls for three replicate
experiments. Lysate LPL levels: +/− BFA=109%±21; insulin-stimulated +/−
BFA=131%±12. Medium LPL levels: +/− BFA=3%±2; insulin-stimulated +/−
BFA=4%±4. Significant interactions were calculated with a two-way ANOVA and
P-values were calculated with Šidák-corrected pairwise tests. (B) 3T3-L1
adipocytes expressing either GFP, or GFP-tagged ARF1WTor ARF1 T31Nwere
treated with vehicle or 1 μM insulin for the indicated times, and media and lysates
were collected. Overexpression of an inactive GDP-bound ARF1 mutant (T31N)
reduces LPL secretion in insulin-stimulated adipocytes. TheARF1mutant T31N is
poorly expressed, and ARF1 WT is overexposed (IB GFP). Full-length LPL band
intensity relative to unstimulated cells are shown for four replicate experiments.
The interaction between the 3T3-L1, ARF1WT and T31N ARF1 groups is shown
(#P=0.05). (C) WT and T31N ARF1 (green) localize to LPL (magenta) vesicles in
3T3 adipocytes. Insets show selected magnified views of the indicated area.
Arrowheads highlight ring-like structures containing ARF1 and LPL. (D) In
adipocytes, LPL (magenta), ARF1 WT (green), and PRKD2 (blue) localize to
tubular structures throughout the cell. Insets show selectedmagnified views of the
indicated area. Arrowheads highlight LPL decorating PRKD2-marked structures.
To depict the colocalization of PRKD2, LPL and ARF1, the intensity of a bisecting
line (dotted line) from a single Z-plane in box a was plotted for PRKD2, LPL and
ARF1. All intensities were normalized to 1. Scale bars: 10 μm. Significant
interactionswere calculatedwith a two-way ANOVAandP-valueswere calculated
with Šidák-corrected pairwise tests. IB, immunoblot.

Fig. 8. A hypothetical model of LPL secretion. In adipocytes, LPL is trafficked to distinct post-Golgi microdomains marked by Cav1. Some LSVs overlap with
leptin vesicles and GSVs. These microdomains are found at projections marked by PRKD2 and ARF1. LPL is stored until insulin signaling (via insulin receptors;
IR) or ionomycin stimulation induce LPL exocytosis. LSVs localize to TGN and endosome markers. It is unclear how ARF1 and PRKD2 directly contribute to LSV
trafficking and LPL secretion.

12

RESEARCH ARTICLE Journal of Cell Science (2022) 135, jcs258734. doi:10.1242/jcs.258734

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



Fixed cells were imaged on a Zeiss LSM 710 spectral laser scanning
confocal microscope equipped with a Plan Apo 40×/1.4 NA oil objective.
Acquisition settings initially were selected to avoid more than ∼1% pixel
saturation in a given field. Only cells displaying LPL puncta were selected for
imaging. All images were acquired with the same LPL channel acquisition
settings. Each group of images were acquired with different settings for the
second channel (green) to accommodate variability in expression and staining
of the second target. Within each group, all acquisition settings were kept the
same. Acquired Z-stacks were deconvolved in AutoQuant X3 (Media
Cybernetics, Rockville, MD). For analysis, single cells were cropped and
channels were median filtered and then thresholded for the brightest pixels for
a given group (i.e. top 5% of pixels in each channel). Colocalization was
analyzed on thresholded images in FiJi (Schindelin et al., 2012) using the
JaCoP plugin to measure the Mander’s overlap coefficient. This method
generated overlap coefficient values between 0.058±0.05 (±s.d.; negative
control generated by flipping images horizontally and vertically) and 0.87
±0.05 (positive control generated by measuring the overlap of GFP with anti-
GFP antibody). Three-dimensional analysis was undertaken in Imaris (https://
imaris.oxinst.com).

Lentivirus production, infection and transfection, and
molecular cloning
For viral production, HEK293T (American Type Culture Collection;
CRL-3216) cells were maintained in DMEM containing 10% FBS, 1× L-
glutamine and 1× penicillin/streptomycin. Cells were grown to confluence
and transfected with 9 μg of viral expression vector [pLV-EF1A-Blast or
pLKO.1-CMV carrying scramble (Sigma-Aldrich; SHC002) or PRKD2
shRNA (Sigma-Aldrich; SHCLNG-NM_178900 TRCN0000322347)],
6 μg of psPAX2-CMV and 3 μg of pCMV-VSV-G. psPAX2-CMV and
pCMV-VSV-G were kind gifts of the Mohlke lab (University of North
Carolina at Chapel Hill, Chapel Hill, NC, USA). pLV-EF1A-Blast was a
kind gift of the Davis Lab (University of North Carolina at Chapel Hill,
Chapel Hill, NC, USA). After 24 h medium was exchanged for DMEM
containing 20% FBS, 1× L-glutamine, and 1× penicillin/streptomycin
and media was collected at 48 and 72 h post transfection. Viral medium was
added to 3T3-L1 pre-adipocytes with 10 μg/ml polybrene (Santa Cruz
Biotechnology; sc-134220) added. After 24 h, the medium was changed,
and cells were selected with either 2 μg/ml puromycin (Thermo
Fisher Scientific; NC9138068) or 10 μg/ml blasticidin (Invitrogen;
NC9016621).

The plasmids RAB4–GFP, RAB10–GFP and LAMP1–GFP were gifts
from Prasanna Satpute-Krishnan (USUHS, Bethesda, MD, USA). Full-
length GFP-tagged ARF1 was cloned from mouse cDNA. pLX304-
PRKD2-V5 and pLX304-ARF6-V5 were purchased from the University of
North Carolina at Chapel Hill Lenti-cDNA Core facility (ARF6 ORFeome
clone #101925986, GenBank accession BC008918; PRKD2 ORFeome
clone #101931358, GenBank accession NM_001079881). All GFP-tagged
constructs were amplified and cloned into a pLV-EF1A-Blast vector using
Gibson Assembly (New England Biolabs; Ipswich, MA, USA). The
resultant plasmids were used for transfection or lentiviral production.

For transient transfection, day 10 3T3-L1 adipocytes were electroporated
using a Lonza Nucleofector 2 device under program A-033 with a total of
10 μg of DNA resuspended in Mirus Ingenio transfection solution (Mirus
Bio; Madison, WI, USA) as per the manufacturer’s instructions.

Western blotting
For whole-cell lysates, cells were lysed using modified radio
immunoprecipitation buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1%
Triton X-100, 1% SDS) with grinding. Lysates were rocked at 22°C for
30 min and spun down (6000 g for 2min) to pellet insoluble material. Lysate
concentrations were then measured with a bicinchoninic acid assay (BCA).
Equal amounts of all lysates were combined with 5× SDS plus dithiothreitol
(DTT) loading dye, heated at 72°C, and resolved by SDS-PAGE. For blots
of media, media was removed and spun down at 4000 g for 10 min at 4°C
and supernatant was moved to a fresh tube. Equal volumes of media were
combined with 5× SDS plus DTT loading dye, heated at 72°C, and resolved
by SDS-PAGE. For western blotting, SDS-PAGE gels were transferred to
PVDF membranes and blocked for 1 h in 5% milk in Tris-buffered saline

with 0.1% Tween 20 (TBST). Membranes were then probed overnight at
4°C with anti-LPL (1:200; R&D Systems; AF7197), anti-GFP (1:1000;
CST; 2955), anti-GLUT4 (1:2500; Abcam; ab654), anti-PRKD2 (1:1000;
ProteinTech; 11623-1-AP) or anti-adiponectin (1:500; Invitrogen; PA1-
054) antibodies. Next, blots were washed in TBST and probed
with the appropriate horseradish peroxidase (HRP)-conjugated anti-goat-
IgG (1:1000; R&D systems; AF7197), HRP-conjugated anti-mouse-IgG
(1:5000; Southern Biotech; OB1030-05 or OB6440-05). Blots were finally
washed with TBST and revealed with enhanced chemiluminescence
substrate solution (Advansta; K-12045-D50).

To quantify western blots, the highest exposure before pixel saturation
was selected and the intensity of each background-subtracted band was
measured in Fiji software. Lysates samples intensities were measured
relative to their respective loading control. LPL band intensity was measured
as either full-length LPL alone or full-length LPL plus the LPL cleavage
product, as specified in figure legends.

Cell fractionation
Cells were fractioned as described elsewhere with modifications (Rossi
et al., 2018; Sadler et al., 2016). Briefly, cells were differentiated and grown
in DMEM containing 0.2% BSA overnight before harvesting. On the day of
harvesting, cells were treated with 1 μM insulin for the indicated times and
then washed with ice-cold PBS containing 2.5 mM EDTA and protease
inhibitor cocktail (Pierce; PI88266) and all subsequent steps were conducted
at 4°C. Cell pellets were lysed in resuspension buffer (14% sorbitol, 20 mM
HEPES pH 7.2, 1× Pierce protease inhibitor cocktail) through 25G and 26G
needles. Next, cell lysates were centrifuged at 500 g for 10 min to pellet
nuclei and other large debris. Supernatants were removed and centrifuged at
30,000 g for 15 min to separate large and small structures. The resuspended
pellet (large) and supernatant (small) from this step were further purified by
layering over a 20% sorbitol cushion and centrifuging at 100,000 g for
90 min in a TLA100.3 rotor. Pellets from this step were suspended in
resuspension buffer and layered on top of a 20–40% sorbitol gradient.
Samples were then centrifuged at 71,000 g for 2 h in an SW40-Ti rotor, and
de-fractionated from top to bottom (small to large). De-fractionated samples
were mixed (i.e. samples 1 and 2, samples 3 and 4) and diluted in 1× PBS
before pelleting at 16,000 g for 90 min. Pellets were resuspended in 5× SDS
plus DTT and prepared for analysis by western blotting.

RT-qPCR
For RT-qPCR, RNA samples were extracted as with Trizol reagent
(Invitrogen; 15596026). RNAwas quantified and 500 ng RNAwas reverse
transcribed to generate cDNA using the iScript cDNA synthesis kit (Biorad;
1708890). For qPCR, 25 ng of the resulting cDNA was combined with the
following primer pairs and SYBER Select masterMix (Applied Biosystems;
4472908). The following exon-spanning primers were used for qPCR:
Gapdh (F, 5′-GTATGACTCCACTCACGGCAAA-3′; R, 5′-GGTCTCG-
CTCCTGGAAGATG-3′), LPL (F, 5′-GCCCAGCAACATTATCCAGT-3′;
R, 5′-GGTCAGACTTCCTGCTACGC-3′). RT-qPCRwas performed using
an applied biosystems QuantStudio Flex 6 system (Applied Biosystems). All
samples were analyzed in technical and biological triplicates.

Small-molecule studies
For intracellular Ca2+ studies, the Ca2+ chelator BAPTA-AM (ApexBio;
B4758; Houston, TX, USA) and the ionophore ionomycin (Sigma-Aldrich;
I9657-1MG) were prepared in DMSO and stored at −20°C until use. For
kinase inhibitor studies, the protein kinase C pan inhibitor Gö6976
(ApexBio; A8341) and protein kinase D inhibitor CRT0066101 (Sigma-
Aldrich; SML1507) were suspended in DMSO and stored at −20°C until
use. For ARF1 studies, the inhibitor BFA (Sigma-Aldrich; B7651) was
stored in methanol and diluted in DMSO for use. For translation studies, the
translation inhibitor CHX (Sigma-Aldrich; C7698) was suspended in
DMSO and stored at −20°C until use.

Statistics
All quantified data included three or four biological replicate experiments.
Data were analyzed in Prism 9 (GraphPad) and graphed in KaleidaGraph.
Statistical significance (P<0.05) was calculated using an unpaired two-tailed
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t-test orMann–Whitney test for two-sample analyses, or analysis of variance
(ANOVA) for multiple analyses. The Dunnett post-hoc test was used for
one-way ANOVA and the Šidák-corrected pairwise test was used for two-
wayANOVA pairwise comparisons.When variance is shown or discussed it
is reported as the standard deviation.
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