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Abstract

Objective: Transmembrane protein 55B (TMEM55B) is a phosphatidylinositol-(4,5)-

bisphosphate (PI(4,5)P2) phosphatase that regulates cellular cholesterol, modulates LDL receptor 

(LDLR) decay and lysosome function. We tested the effects of Tmem55b knockdown on plasma 

lipids in mice, and assessed the roles of LDLR lysosomal degradation and change in (PI(4,5)P2) in 

mediating these effects.

Approach and Results: Western diet-fed C57BL/6J mice were treated with antisense 

oligonucleotides against Tmem55b or a non-targeting control for 3–4 weeks. Hepatic Tmem55b 
transcript and protein levels were reduced by ~70%, and plasma non-HDL cholesterol was 

increased ~1.8-fold (p<0.0001). Immunoblot analysis of FPLC fractions revealed enrichment of 

apoE-containing particles in the LDL size range. In contrast, Tmem55b knockdown had no effect 

on plasma cholesterol in Ldlr−/− mice. In primary hepatocytes and liver tissues from Tmem55b 
knockdown mice, there was decreased LDLR protein. In the hepatocytes there were increased 

lysosome staining and increased LDLR-lysosome colocalization. Impairment of lysosome 

function (incubation with NH4Cl or knockdown of the lysosomal proteins LAMP1 or RAB7) 

abolished the effect of TMEM55B knockdown on LDLR in HepG2 cells. Colocalization of the 

recycling endosome marker RAB11 with LDLR in HepG2 cells was reduced by 50% upon 

TMEM55B knockdown. Finally, knockdown increased hepatic PI(4,5)P2 levels in vivo and in 

HepG2 cells, while TMEM55B overexpression in vitro decreased PI(4,5)P2. TMEM55B 
knockdown decreased, while overexpression increased, LDL uptake in HepG2 cells. Notably, 

TMEM55B overexpression effect was reversed by incubation with PI(4,5)P2.
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Conclusion: These findings indicate a role for TMEM55B in regulating plasma cholesterol 

levels by affecting PI(4,5)P2 mediated LDLR lysosomal degradation.
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INTRODUCTION

Hepatic low-density lipoprotein receptors (LDLRs), play an important role in determining 

plasma cholesterol levels and the risk for cardiovascular disease (CVD). Upon binding of 

plasma LDLs, cell surface LDLRs are internalized and transported to endosomes, where low 

pH causes LDLR-LDL dissociation1. LDLRs are then either transported to lysosomes for 

degradation or recycled to the cell surface for reuse2. The potential for reducing CVD risk 

by inhibiting LDLR degradation has been demonstrated by the clinical efficacy of inhibitors 

of PCSK9, a protein that targets LDLR protein to the lysosome for decay3.

Recently our laboratory identified transmembrane protein 55B (TMEM55B) as a novel 

regulator of LDLR decay4, 5. We found that TMEM55B knockdown in human hepatoma 

cells decreased intracellular cholesterol level, reduced total LDLR protein level, impaired 

LDL uptake, and increased LDLR protein degradation6. TMEM55B was originally reported 

to be a late endosome/lysosome-localized type I phosphatase that converts 

phosphatidylinositol-(4,5)-bisphosphate [PI(4,5)P2] to PI5P7. PI(4,5)P2 has been shown to 

impact many subcellular processes including endocytosis, endosome trafficking, and 

importantly, lysosome function and reformation8, 9. Inhibition of lysosome activity increases 

cell surface LDLRs10, suggesting that PI(4,5)P2 may modulate LDLR through its effect on 

LDLR lysosomal decay. Notably, other PI(4,5)P2 phosphatases (e.g. Lowe oculocerebrorenal 

syndrome protein (OCRL), also known as INPP5F) and kinases have been reported to 

impact trafficking and degradation of the epidermal growth factor receptor and the 

transferrin receptor, which are recycled and degraded in a manner similar to LDLR11–13.
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Based on the effects of TMEM55B on LDLR in vitro, we sought to establish the 

physiological impact of PI(4,5)P2 on lipoprotein metabolism in vivo using murine models, 

and to test whether these effects are dependent on LDLR lysosomal decay. Here we report 

that Tmem55b knockdown increases plasma non-HDL cholesterol through an LDLR-

dependent mechanism involving PI(4,5)P2-mediated lysosomal degradation and reduced 

recycling of LDLRs to the plasma membrane.

MATERIALS AND METHODS

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Animal studies

Animal studies were performed with the approval and in accordance with the guidelines of 

the Institutional Animal Care and Use Committee at the Children’s Hospital Oakland 

Research Institute (CHORI). Animals were cared for according to the recommendations of 

the Panel on Euthanasia of the American Veterinary Medical Association. The animal 

facility is Association for Assessment and Accreditation of Laboratory Animal Care 

(AAALAC) approved and is responsible for the health and husbandry of animals. Animal 

studies comply with the Animal Research: Reporting of In Vivo Experiments (ARRIVE) 

guidelines. Mice were housed in a climate-controlled Department of Laboratory Animal 

Medicine facility with a 12-hour light-dark cycle and ad libitum access to food and water.

ASO in vivo studies

C57BL/6J, and Ldlr−/− male and female mice were purchased from the Jackson Laboratory 

(Bar Harbor, ME). Lowe Syndrome mice and PIKFyve+/− mice were generously gifted by 

Dr. Robert Nussbaum at University of California, San Francisco, and Dr. Lois Weisman at 

University of Michigan, Ann Arbor, respectively. All mice were i.p. injected with antisense 

oligonucleotides (ASO) targeting Tmem55b or a non-targeting ASO (Ionis Pharmaceuticals) 

at a dose of 25 mg/ kg body weight/week and fed Western diet (43%fat, 0.2% cholesterol, 

Harlan Laboratories, Madison, WI) starting at 6–7 weeks old. The ASOs were designed, 

synthesized, screened, and purified by Ionis Pharmaceuticals (Carlsbad, CA). The two ASOs 

complementary to murine Tmem55b were: 5’-ATGTTCGTGTCTACTC-3’ (T1 ASO); and 

5’- AATCTCAGTACTGTA-3’ (T2 ASO). In addition, a set of animals were treated with a 

non-targeting control ASO (NTC ASO).

Body weight was measured prior to the first ASO injection, and weekly until sacrifice. After 

3–4 weeks, mice were fasted for 4 hours, and anesthetized with isoflurane (Henry Schein, 

Melville NY). Blood was collected via cardiac puncture and plasma was separated from 

other blood components by centrifugation at 850× g for 15 min at 4 °C. Liver, skeletal 

muscle, and adipose tissues were collected and flash frozen in liquid nitrogen. Gross body 

composition including lean mass and fat mass was measured using the PixiMus dual energy 

X-ray absorptiometry (DEXA) device at the UC Davis Mouse Metabolic Phenotyping 

Center after mice were treated with ASO and fed Western diet for 15 weeks. Percentage of 

fat mass was calculated as percent fat mass over total body weight14.
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Plasma lipid and lipoprotein analyses

Total cholesterol (TC), HDLc and triglycerides were measured by enzymatic end-point 

measurements using enzyme reagent kits (Ciba-Corning Diagnostics Corporation) in an 

AMS Liasys 330 Clinical Chemistry Analyzer15. Non-HDLc was calculated by subtraction 

of HDLc from TC. Lipoprotein particle concentrations were measured by gas-phase 

electrophoresis (ion mobility)16. Briefly, this method employs an ion separation/particle 

detector system that separates ions by size and which can count lipoprotein particles over a 

wide range of sizes. Complete details of this technique had been previously described17. 

Plasma (200 μl) was separated by fast protein liquid chromatography (FPLC) on two 

Superose 6 columns (Amersham Biosciences, Piscataway, NJ). Fractions (0.5 ml each) were 

eluted using 150 mM NaCl, 1 mM EDTA and 0.02% NaN3 pH 8.2 to separate VLDL, LDL, 

and HDL18. Total cholesterol and TG concentrations in both plasma and each FPLC fraction 

were determined using the Cholesterol E and the L-Type Triglyceride M kits (Wako 

Chemicals, Richmond, VA), respectively.

Quantitative real-time PCR

RNA was extracted from liver and reverse transcribed into cDNA as previously described5. 

All assays were carried out in triplicate using 50ng cDNA in an ABI PRISM 7900 Sequence 

Detection System using the qPCR assays. Grubb’s test for outliers was used to identify 

statistical outliers from the triplicate values. The real-time PCR results were normalized to 

Clptm as an internal control.

Western blot analyses

TMEM55B protein expression was measured by immunoblotting as previously described19. 

Briefly, liver tissues were homogenized in CelLytic M (Sigma-Aldrich) lysis buffer with 

protease Inhibitor Cocktail (Thermo Fisher Scientific), centrifuged for 15 min at x16,000g at 

4°C, and the supernatants were collected. Samples were eluted with Laemmli buffer and 

denatured at 95°C for 5 min before loading to 8% or 4–20% Tris-Glycine gels (Thermo 

Fisher Scientific). After running on PowerEaseTM 90W Power Supply (115 VAC) (Thermo 

Fisher Scientific) at a constant 150 voltage for 1.5 h, samples were transferred to a 

Polyvinylidene difluoride (PVDF) membrane, and incubated with anti-TMEM55B or anti-

GAPDH antibody at 4°C overnight, washed 3 times and incubated with secondary antibody 

for 1 h at room temperature. Enhanced chemiluminescence substrate (Thermo Fisher 

Scientific) was used for protein detection. Quantitative analysis of protein bands was 

performed using Image J (NIH, Bethesda, MD).

Mouse plasma fractions after FPLC were diluted with PBS at 1:5, and 10 μl of each fraction 

was loaded on a ProSieve-50 6% or 10% gel (FMC BioProducts, Rockland, ME). After 

electrophoresis, gels were incubated with anti-mouse apoB (ab20737, Abcam, Cambridge, 

MA), anti-mouse apoE, or anti-mouse apoAI (generously gifted by B. Ishida, UCSF). 

Protein band intensity was detected using an Odyssey Infrared Imaging system (Li-COR, 

Lincoln, NE). Quantitative analysis of protein bands was performed using Image J.

Qin et al. Page 4

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hepatic lipid measurements

Liver tissues were homogenized with GentleMacs (Miltenyi Biotec Inc. Auburn, CA) and 

netural lipids extracted with chloroform:methanol (2:1) according to the Folch method20. 

Chloroform extracts were dried under N2 gas and resuspended in 200 μl isopropyl alcohol 

containing 10% Triton X-100. TAG, TC, and free cholesterol were measured using the L-

Type TG M kit, Cholesterol E kit, free cholesterol E kits.

PI(4,5)P2 and PCSK9 ELISA

PI(4,5)P2 levels were quantified by using the PI(4,5)P2 Mass ELISA kit from Echelon 

Bioscience (Salt Lake City, UT). Briefly, the acidic lipid was extracted from liver lysates 

with chloroform: methanol: 12N HCl (40:80:1)21. Chloroform and 0.1N HCl was added to 

the supernatant. The bottom organic phase was collected, dried, suspended in PBS with 

0.25% protein Stablizer (K-GS01, Echelon Biosceience), and subjected to the PI(4,5)P2 

Mass ELISA assay according to the Echelon protocol. Plasma PCSK9 levels were quantified 

using the Mouse Proprotein Convertase 9/PCSK9 Quantikine ELISA Kit (MPC900) from 

R&D Systerms (Minneapolis, MN). Mouse plasma was diluted 200-fold with Calibrator 

Dilutent RD5–26 (895525, R&D Systems) prior to PCSK9 quantification.

Cell culture, transfection and treatments

HepG2 cells were grown at 37°C and 5% CO2 in Eagle’s Minimum Essential Medium 

(EMEM) (ATCC, Manassas, VA) or high-glucose Dulbecco’s Modified Eagle’s Medium 

(DMEM) (McArdle cells) (ATCC) supplemented with 10% FBS (HyClone, Logan, Utah), 

500 U/mL penicillin/streptomycin, and 2 nmol/L GlutaMAX (Invitrogen). TMEM55B, 

LAMP1, RAB7, and LDLRAP1 knockdown were achieved by transfection of 80,000 

HepG2 cells/well in 12-well plates with siRNAs (Life Technologies) targeting TMEM55B 
(S40499), LAMP1 (S8082), RAB7 (S1552), LDLRAP1 (23202) according to the 

manufacturer’s protocol and compared to cells transfected with a scrambled control siRNA. 

For double knockdown, TMEM55B and LAMP1, TMEM55B and RAB7, or TMEM55B 
and LDLRAP1 siRNAs were co-transfected into the HepG2 cells. Cellular phenotypes were 

quantified 36 hours post-transfection. For TMEM5B overexpression, 80,000 HepG2 cells/

well were plated in a 12-well plate, and transfected with control GFP or TMEM55B-GFP 

with Amaxa™ Nucleofector™ II from Lonza (Basel, Switzerland). Primary hepatocytes 

were isolated from T2-ASO and NTC-ASO treated 12-week-old male mice at the UCSF 

Liver Center using the standard collagenase method22.

Immunofluorescence staining and confocal microscopy

siRNA transfected cells and primary hepatocytes were seeded to cover glass slides. After 12 

hr, cells were incubated with 10 mM NH4Cl (09718, Sigma-Aldrich) or sham buffer at 37°C 

for 24 hr. Cells were then washed with PBS and fixed with 4% paraformaldehyde in PBS for 

10 min at room temperature. For lysosome staining with LysoTracker (L7528, Life 

Technologies, CA), cells were treated with 75nM LysoTracker DND 99 probes for 2 hr in 

the cell incubator before fixation. Cells were permeabilized in 0.25% Triton-100 in PBS for 

10 min at room temperature. After washing with PBS, cells were treated with 1% BSA, 

22.52 mg/mL glycine in PBST (PBS+ 0.1% Tween 20) for 30 min to block nonspecific 
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antibody binding, and incubated overnight at 4°C with primary antibodies [i.e. LDLR, 

LAMP1, RAB7, RAB11, TFR, LRP1, PI(4,5)P2] or control IgG diluted in 0.1% PBST. After 

3 washes with PBS, cells were incubated for 1 hr at room temperature with secondary 

antibodies diluted in 0.1% PBST, and subsequently washed 3 times with PBS.

The samples were examined under a Zeiss LSM 710 confocal laser-scanning microscope 

equipped with an X63 oil-immersion objective. To perform quantitative image analysis, 15–

35 randomly chosen fields that included 1–5 cells each were scanned using the same setting 

parameters (i.e., laser power and detector amplification) below pixel saturation. The mean 

intensity per field was determined using the histogram function in the Zeiss LSM 710 

Software, and all of the pixel values above background levels (established from the control 

IgG treated cells) were quantified. Each experiment was repeated at least three times, and 

representative images were shown.

To quantify the levels of colocalization of LAMP1/LDLR and RAB11/LDLR, 15–35 

randomly chosen fields that included 1–5 cells each were scanned and analyzed in Carl Zeiss 

software AIM using Pearson’s correlation coefficients. All imaging parameters and 

analyzing settings remained the same for all data acquisition within one experiment.

Flow cytometry

To quantify LDL uptake, HepG2 cells were transfected with TMEM55B over-expression 

(OE) or empty-vector (EV) plasmids for 48hr, and incubated with PI(4,5)P2 (Y-P045) or 

control liposomes (Y-0000) (Echelon Bioscience. Salt Lake City, UT). They were then 

exposed to 10 μg/ml fluorescently labelled Dil-LDL (L3482, Invitrogen Carlsbad, C) for 3–4 

h at 37°C, washed twice with ice-cold PBS, fixed in 1% formaldehyde, and scraped from the 

wells. Dil was quantified on the BD FACS Calibur as the median fluorescence values of 

10,000 gated events.

Live cell imaging

McArdle cells were plated on 35-mm glass bottom dishes (Ibidi GmbH München, Germany) 

in DMEM supplemented with FBS (20%) and oleate (0.4 mM) 16 h prior to siRNA 

transfection. Live cell images were acquired 24 hr after transfection using a Zeiss LSM 780 

microscope (Carl Zeiss) equipped with a stage heated to 37°C in a chamber containing 5 % 

CO2 (v/v)/95 % (v/v) air. Images were captured at the frame-rate of 30 frame/sec using a 

60X.1.4 objective and numerical aperture with the laser selected to the dye specificity.

Membrane fraction isolation

HepG2 cells were treated with lipoprotein depleted-serum and 2μM simvastatin for 24 hour 

before being lysed with IP Lysis Buffer (Pierce™ Direct Magnetic IP/Co-IP Kit; Pierce 

Biotechnology, Rockford, IL) containing protease inhibitors (Halt™ Protease Inhibitor 

Cocktail; Thermo Scientific, Waltham, MA). The membrane fraction was isolated as 

described in Hashimoto et al.23. Briefly, the cells were homogenized in a solution containing 

20 mmol/L HEPES-NaOH (pH 7.5), 0.25 mol/L sucrose, 1 mmol/L Na3 VO4, 25 mmol/L 

NaF, aprotinin (10 μg/ml), leupeptin (10 μg/ml), 10 μmol/L MG132 and 1 mmol/L PMSF. 

The homogenate was centrifuged at 1,000 X g for 5 min at 4°C to remove nuclei and 
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nondisrupted cells, and the resulting supernatant was centrifuged at 100,000 X g for 1 hr at 

4°C to isolate a membrane pellet. The pellet was solubilized by sonication, and the insoluble 

material was removed by centrifugation at 20,400 X g for 15 min at 4°C.

Co-immunoprecipitation

Cells were collected, washed with TBS, and lysed in IP Lysis Buffer (Pierce™ Direct 

Magnetic IP/Co-IP Kit; Pierce Biotechnology, Rockford, IL) containing protease inhibitors 

(Halt™ Protease Inhibitor Cocktail; Thermo Scientific, Waltham, MA) by incubating on ice 

for 30 min with gentle vortexing every 10 min. The cell lysate was centrifuged at 13,000 g 

for 10 min. The supernatant was collected and protein concentration was measured by 

Bradford protein assay (Bio-Rad, Hercules, CA). TMEM55B proteins were isolated via 

magnetic beads coupled to anti-TMEM55B antibody (Proteintech, Rosemont, IL) as 

described24. Briefly, anti-TMEM55B antibody (5 μg/reaction) was first coupled with Pierce 

NHS-Activated Magnetic Beads for 60 minutes at room temperature. The beads were then 

washed twice and quenched with Quenching Buffer (Pierce Biotechnology, Rockford, IL). 

After overnight incubation of cell lysates with beads at 4°C, the beads were washed twice 

with IP Lysis Buffer before protein elution with Elution Buffer for 5 minutes at room 

temperature. A negative control antibody (isotope IgG) was used to assess nonspecific 

binding. Eluted samples were analyzed by immunoblotting as described in Western blot 

analyses.

Statistics

For ex vivo and in vitro experiments, representative results are shown. At least 3 

experiments were conducted with 3–6 replicates per assay, with specific replicate numbers 

indicated in figure legends. All data are shown as mean ± standard error of the mean. 

Normality of data was tested with the D’Agostino-Pearson normality test. Homogeneity of 

variance was tested with the Bartlett’s test or F test. Continuous variables for two groups 

were compared using Student’s t-tests. Continuous variables for more than two groups were 

compared using one-way analysis of variance (ANOVA) with Tukey’s post hoc test. 

Analyses were performed using GraphPad Prism 7 software (GraphPad Software, Inc. La 

Jolla, CA, USA). P-values <0.05 were considered statistically significant.

RESULTS

Knockdown of Tmem55b increases plasma non-HDL cholesterol in C57BL6J mice

To determine if Tmem55b modulates cholesterol metabolism in vivo, we tested the effect of 

hepatic knockdown using two antisense oligonucleotides (ASOs T1 and T2) targeting 

Tmem55b. After 4 weeks of weekly ASO injections, hepatic Tmem55b transcript and 

protein levels in Western diet-fed male C57BL/6J mice were reduced by 71% and 56% (T1) 

and 61%, and 70% (T2), respectively, compared to animals treated with a non-targeting 

control ASO (NTC) (Fig. 1A, 1B). In contrast, there were no changes in expression of 

hepatic Tmem55a, a type II PI(4,5)P2 phosphatase with sequence similarities to Tmem55b, 

between T1, T2 and NTC treated animals, (Fig. SIA). Although ASOs have been reported to 

mainly target the liver25, we also found that both T1 and T2 ASO treatment significantly 

decreased Tmem55b transcript levels in muscle and adipose tissue compared to NTC 
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treatment (Fig. SIB, SIC). In Western diet-fed female mice, simultaneous administration of 

T1 and T2 (T1+T2) ASO reduced hepatic Tmem55b transcript (71%) and protein (53%) 

levels compared to NTC (Fig. 1C, 1D). Tmem55b knockdown did not alter whole body, liver 

or gonadal adipose weights (Fig. 2A, 2C, SIIA–D) in either male or female mice, or 

measures of whole-body fat mass, lean mass or adiposity as quantified by DEXA (Fig. 

SIIIA–C).

T1 or T2 ASO treated Western diet-fed male mice had increased plasma total cholesterol 

(1.3-fold, p=0.016; 1.5-fold, p<0.0001), HDL cholesterol (1.2-fold, p=0.0071; 1.3-fold, 

p=0.0017), and non-HDL cholesterol (1.5-fold, p<0.0001; 1.8-fold, p<0.0001), n=9–10 (Fig. 

2B; Fig. SIVA). There were no differences in any of these measurements between T1, T2, 

and T1+T2 ASO treatments (Fig. SIVB). In Western diet-fed female mice, Tmem55b 
knockdown increased TC (1.3-fold, p=0.0009) and non-HDLc (1.6-fold, p<0.0001), with a 

trend of increased HDLc (1.1-fold, p=0.08) observed between T1+T2 and NTC ASO treated 

animals, n=6 (Fig. 2D; Fig. SIVC). Tmem55b knockdown did not alter plasma triglyceride 

levels in either male or female mice (Fig. 2B, 2D) nor did it change hepatic total cholesterol, 

free cholesterol or triglyceride levels, Fig. SIVD.

Tmem55b knockdown increases apoE-containing lipoproteins

To further define the impact of Tmem55b knockdown on plasma lipoproteins, we analyzed 

levels of cholesterol and apolipoproteins (ApoB100, ApoB48, ApoE and ApoA1) in fast 

protein liquid chromatography (FPLC) fractionated plasma. T1+T2 ASO treated female 

mice had increased plasma cholesterol in the LDL size range (Fig. 3A). Although there was 

no change in either ApoB100, B48 or ApoA1 in these fractions, ApoE was increased 

between 1.6–8.0 fold across the fractions (Fig. 3B, 3C). Similarly in male mice, both T1 and 

T2 ASO treatment led to increased cholesterol levels in LDL fractions from FPLC (Fig. 

SVA). There were no significant differences in triglyceride content in any of the fractions 

between Tmem55b and NTC ASO mice in either sex (Fig. SVB, SVC).

We also used ion mobility as a highly sensitivity means of determining lipoprotein particle 

concentrations in plasma independent of their lipid content16. This revealed that Tmem55b 
knockdown in both sexes significantly increased lipoprotein levels in the size ranges 

attributed to small LDL, as well as the region between LDL and HDL, with smaller 

increases in particles in the size range of very low and intermediate density lipoproteins 

(VLDL and IDL) (Fig. SVIA, SVIB, SVIIA, SVIIB). We repeated the ion mobility analyses 

in plasma after treatment with dextran sulfate, which precipitates ApoB and ApoE 

containing particles26, and consistent with the increased ApoE identified in the FPLC 

fractions, found no differences in particle concentrations (Fig. SVIC).

Tmem55b regulates plasma lipids through LDLR

We previously showed that TMEM55B knockdown in human hepatoma cell lines reduces 

LDLR protein levels5. To confirm this effect in vivo, we quantified changes in hepatic 

LDLR protein levels in Western diet-fed male C57BL/6J mice after 4 weeks of T1 or T2 

ASO injections and found a 48% reduction in LDLR in the T2 treated animals (p<0.05) (Fig. 

SX). A similar, non-statistically significant trend of reduced LDLR in the T1 treated animals 
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was also observed (Fig. SX). We also isolated primary hepatocytes from T2 ASO (which 

had more potent effects than T1 ASO in elevating plasma cholesterol levels) and NTC ASO 

treated mice. We found that Tmem55b knockdown reduced LDLR protein levels by 10% 

(p<0.05, Fig. 5A), a magnitude of effect consistent with our in vitro studies5. Conditions of 

reduced LDLR are known to cause accumulation of plasma PCSK927. Consistent with the 

reduced LDLR protein levels, we also found higher plasma PCSK9 in the T2 vs. NTC ASO 

treated mice (p<0.05, n=3. Fig. SVIII). Finally, to test whether the increase in plasma lipids 

after Tmem55b knockdown was mediated by LDLR, we treated Western diet-fed male and 

female Ldlr−/− mice with either combined T1+T2 or NTC ASOs weekly. After four weeks 

Tmem55b mRNA was reduced by 85% and 62%, and TMEM55B protein by 88% and 78% 

in males and females, respectively, (Fig. 4A, 4B, 4D, 4E). Importantly, no statistically 

significant differences in plasma lipid levels or lipoprotein particle concentrations were 

observed between Tmem55b knockdown and NTC mice in either sex (Fig. 4C, 4F, SIXA–

D).

TMEM55B effects on cellular LDLR requires lysosome activity

We previously reported that TMEM55B knockdown in human hepatoma cell lines alters 

LDLR protein decay and cell surface LDLR protein levels5. TMEM55B is localized to the 

late endosome and lysosome7, and has been shown to impact lysosome function23, 28. Thus 

we hypothesized that TMEM55B regulation of LDLR may be mediated by effects on 

lysosomal activity. In primary hepatocytes from T2 ASO treated mice, lysosomal associated 

protein1 (LAMP1), a lysosome structural protein, was significantly increased compared to 

hepatocytes from NTC ASO treated mice (p<0.001, Fig. 5A). Importantly, Tmem55b 
knockdown led to a modest but statistically significant increase in LDLR and LAMP1 

colocalization (Fig. 5A). In HepG2 cells treated with a TMEM55B vs. control (Scr) siRNA 

there were consistent effects: reduced LDLR protein, increased lysosome staining (both 

LAMP1 levels and LysoTracker) and increased LDLR-LAMP1 colocalization (Fig. 5B). In 

both primary hepatocytes and HepG2 cells, IgG from the same species as the 1° antibody 

was used as the negative control (Fig. SXIA, SXIB).

LDLR decay typically occurs after internalization, when LDLRs from the cell surface can be 

delivered to the lysosome for degradation or recycled back to the cell surface29. However, it 

is also possible that newly synthesized LDLR is subject to decay. To distinguish between 

these possibilities, we used siRNA to knockdown the LDLR adaptor protein 1 (LDLRAP1, 

also named autosomal recessive hypercholesterolemia protein [ARH]), which is required for 

LDLR endocytosis30. Upon LDLRAP1 knockdown, TMEM55B knockdown did not affect 

LDLR protein levels (Fig. SXIIA, SXIIB), indicating that TMEM55B modulates LDLR 

decay after its internalization.

Lysosome activity is dependent on its position within the cell31, 32. Thus, to test whether 

TMEM55B impacts lysosome position (in addition to levels), we treated McArdle cells (a 

rat hepatoma cell line) with oleic acid, which stimulates fatty acid flux through lysosomes. 

Tmem55b knockdown led to more punctate and larger lysosomes which congregated 

compared to findings in NTC siRNA treated cells, (Fig. 5C, Supplementary Movie 1, 2). We 

next tested the effects of TMEM55B knockdown on LDLR levels under three conditions of 
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impaired lysosome function in HepG2 cells: i) treatment with NH4Cl, which prevents 

acidification of intracellular vesicles, leading to dysfunction of the lysosome hydrolytic 

enzymes33, ii) knockdown of LAMP1, or iii) knockdown of Rab7, a late endosome/

lysosome protein. In all three conditions, no changes in LDLR levels were observed upon 

TMEM55B knockdown (Fig. 5D, 5E). To confirm that reduced LDLR levels were not due to 

a reduction in recycling receptors, we tested for changes in RAB11, a marker of recycling 

endosomes. There was no change in RAB11 levels upon knockdown, and LDLR-RAB11 

colocalization was reduced by 50% (Fig. 5F). Together, these results suggest that 

TMEM55B regulates LDLR levels through lysosome function.

No evidence of TMEM55B-LDLR binding—To assess whether the effects of 

TMEM55B on LDLR were attributed to generalized changes in recycling receptor 

trafficking, we tested the effect of TMEM55B knockdown on transferrin receptor (TFR) and 

LDLR related protein (LRP1), two receptors that undergo a similar endocytic trafficking 

pathway as LDLR29. We found no effect of Tmem55b knockdown on either TFR or LRP1 in 

liver, or primary hepatocytes from mice, or in HepG2 cells(Fig. 6A, 6B, SXIII), consistent 

with our previous findings5.

To test whether TMEM55B binds to LDLR, we performed co-immunoprecipitation assays 

using HepG2 cells transfected with either control GFP or GFP-TMEM55B. TMEM55B-

GFP overexpression was confirmed by immunoblotting in the whole cell lysate (Fig. 6C). 

Next we performed pull-down with magnetic beads conjugated to anti-TMEM55B, and 

confirmed TMEM55B protein pull-down versus an IgG negative control (Fig. 6C). In 

addition, we identified JIP4 in the TMEM55B pull-down as a positive control, as this protein 

has been previously reported to interact with TMEM55B28 (Fig. 6D). No LDLR band was 

observed after TMEM55B pull-down (Fig. 6E). We also performed the reverse experiment 

whereby we increased LDLR expression in HepG2 cells through treatment with lipoprotein-

depleted serum (LPDS) and 2μM simvastatin and pulled down LDLR. We found no 

evidence of an interaction between TMEM55B and LDLR (Fig. SXIVA, SXIVB). A 

previous proteomic study of TMEM55B in a neuroblastoma cell line reported a possible 

interaction between TMEM55B and LDLR that was only observed in the membrane 

fraction23. Thus, we isolated the membrane fraction of LPDS and statin treated HepG2 cells 

and again failed to detected LDLR protein after TMEM55B pull-down (Fig. SXIVC, 

SXIVD).

Since we found no evidence for TMEM55B-LDLR binding, we next tested whether 

TMEM55B might modulate LDLR by altering levels of PCSK9, COMMD1 or MYLIP/

IDOL, which are well documented regulators of LDLR protein decay3, 34, 35. We found no 

change in hepatic Pcs9k, Commd1 or Mylip/Idol protein levels in T1 or T2 ASO vs. NTC 

ASO treated male mice (Fig. 6F).

TMEM55B regulates LDLR activity through PI(4,5)P2

TMEM55B was originally reported to be a phosphatase that catalyzes the conversion of 

PI(4,5)P2 to PI5P7. We confirmed that Tmem55b knockdown significantly increased 

PI(4,5)P2 levels by 94% in the livers from T2 versus NTC ASO treated male mice (Fig. 7A). 
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Using both confocal microscopy and flow cytometry we confirmed that TMEM55B 
knockdown in HepG2 cells significantly increased cellular PI(4,5)P2 levels (Fig. 7B, 7C), 

while TMEM55B overexpression (OE) decreased PI(4,5)P2 levels (Fig. 7D, 7E). Consistent 

with its reported endosome/lysosome localization, we found that TMEM55B knockdown 

increased PI(4,5)P2 -LAMP1 colocalization in HepG2 cells (Fig. 7B), with opposite effects 

observed after overexpression (Fig. 7D).

We next tested the effect of PI(4,5)P2 on LDLR activity in HepG2 cells. We first confirmed 

that TMEM55B OE increased Dil-labeled LDL uptake compared to empty vector (EV) 

controls (Fig. 7F). Incubation of cells with PI(4,5)P2-containing liposomes decreased Dil-

LDL uptake compared to cells incubated with control liposomes (Fig. 7F). Most importantly, 

incubation of TMEM55B-OE cells with PI(4,5)P2-containing liposomes decreased Dil-LDL 

uptake to the level of TMEM55B-EV cells (Fig. 7F). Together, these results support the 

likelihood that TMEM55B regulates LDLR activity and thus plasma non-HDLc through 

changes in PI(4,5)P2.

Lastly, to explore whether the changes in plasma lipids upon Tmem55b knockdown could be 

attributed to either increased PI(4,5)P2 or reduced PI5P, we quantified plasma lipids in two 

additional mouse models. OCRL is a phosphatase that converts PI(4,5)P2 to PI4P11, 36. Loss 

of Ocrl has been shown to increase PI(4,5)P2 levels in ex vivo study37. After 4 weeks of 

Western diet, male Ocrl knockout mice had >50% higher non-HDLc than Ocrl wildtype 

littermates (Fig. SXVA). PIKfyve is a phosphoinositide kinase reported to be the major 

enzyme for generating the PI5P pool38. PIKfyve is vital in early embryonic development, 

and homozygous PIKfyve−/− animals are not viable or die shortly after birth39. Therefore, 

we tested whether plasma lipids differed in Western diet-fed PIKFyve+/− versus littermate 

controls and found no differences (Fig. SXVB). Together, these results support the 

likelihood that the effects of Tmem55b knockdown on plasma lipid metabolism are 

mediated by PI(4,5)P2.

DISCUSSION

TMEM55B was identified as a novel regulator of cellular cholesterol metabolism through 

gene expression profiling and in vitro studies5. Here we report that Tmem55b also regulates 

plasma cholesterol levels in vivo, an effect that is dependent on LDLR, and functions 

through PI(4,5)P2-mediated LDLR lysosomal degradation. Phosphatidylinositol 5-phosphate 

4-kinase type-2 α (PIP4K2A), which converts PI5P to PI(4,5)P2, has been reported to 

regulate intracellular cholesterol transport through PI(4,5)P2
40. Plasma membrane PI(4,5)P2 

has been shown to promote ApoA1-ABCA1 mediated lipid efflux from macrophages21, 

however, to our knowledge, the present findings are the first to identify a role for 

phosphatidylinositides in metabolism of non-HDL lipoproteins.

FPLC analysis indicated that ASO-mediated Tmem55b knockdown increased cholesterol 

levels in fractions in the LDL size range, consistent with the results of ion mobility analysis 

which showed the greatest increases in particle concentrations to be in the size range of 

small LDL as well as in the size region between LDL and HDL. While there were no 

detectable changes in apoB in LDL-sized fractions isolated by FPLC, there were significant 
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increases in apoE content. It is possible that this selective increase in apoE was due to higher 

levels of apoE-only containing particles, which have been shown to be present in this 

particle size region41. However it should also be noted that Western blot analysis may not be 

sufficiently sensitive to detect small increases in apoB and/or apoAI levels. The failure of 

Tmem55b knockdown to alter plasma lipids in the Ldlr−/− mouse and the finding that 

knockdown reduces hepatic LDLR protein suggests that the increases in plasma cholesterol 

and ApoE containing lipoproteins are, at least in part, LDLR-dependent. Since LDLR can 

regulate apoB and apoE secretion as well as uptake42, 43, further study will be required to 

determine whether one or both of these processes are responsible for the LDLR dependence 

of the effects of Tmem55b knockdown on plasma lipid levels.

Since reduced LDLR was shown to be responsible for the plasma lipid effects of Tmem55b 
knockdown, we next investigated how TMEM55B regulates LDLR. When circulating LDL 

binds to LDLR, the LDLR-LDL complex is internalized in a clathrin-coated pit on the 

plasma membrane and trafficked through the endo/lysosomal pathway45. In the late 

endosome where the pH value decreases, LDLR disassociates from LDL, and then is either 

recycled back to the plasma membrane for reuse, or targeted to the lysosome for decay46. 

We had previously reported that TMEM55B modulates LDLR decay, and very recently 

TMEM55B was reported to impact lysosome positioning in AREP-19 and HeLa cells28. 

Notably, intracellular localization of lysosomes regulates their ability to interact and fuse 

with vesicles such as autophagosomes or endosomes31, 32, 47, 48. We have shown here that 

TMEM55B knockdown increased LAMP1 and lysotracker staining, stimulated lysosomal 

clustering, reduced LDLR levels and increased LDLR-lysosome colocalization, with 

opposite effects observed after TMEM55B overexpression. As TMEM55B was unable to 

alter LDLR levels under conditions of impaired lysosome function, our findings strongly 

support the conclusion that TMEM55B regulates LDLR through changes in lysosome 

function.

Given the effect of TMEM55B on the lysosome, it is possible that TMEM55B modulates 

multiple recycling receptors. However, consistent with our previous studies in HepG2 cells5, 

we failed to identify an effect of TMEM55B on either the transferrin receptor or LRP1, 

which undergo similar cellular trafficking as LDLR29, 49, in HepG2 cells, primary murine 

hepatocytes, or mouse liver tissues. These findings demonstrate that TMEM55B regulation 

of LDLR does not represent a generalized effect on trafficking receptors. However, the 

mechanism underlying the specificity of TMEM55B regulation of LDLR is unclear as we 

found no evidence of either direct TMEM55B binding to LDLR, or modulation of other 

known LDLR-binding proteins (PCSK9, COMMD1 or MYLIP/IDOL). Although, 

TMEM55B binding to LDLR was reported in isolated cell membranes from neuronal 

cells15, we found no such interaction in the cell membrane fraction of a liver-derived cell 

line (HepG2).

Here we report that TMEM55B knockdown leads to increased PI(4,5)P2 levels in vivo and 

in vitro. Although PI(4,5)P2 is primarily concentrated at the plasma membrane, it is also 

found on lysosomes50. Lysosomal PI(4,5)P2 serves as an important signaling molecule that 

regulates traffic from the lysosome51 and that mediates lysosome reformation after 

autophagosome fusion52. Our finding that the effect of TMEM55B overexpression on LDL 
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uptake is reversed by addition of exogenous PI(4,5)P2 provides evidence that TMEM55B 

regulates LDLR lysosomal degradation through PI(4,5)P2. This is further supported by the 

finding that Ocrl−/− mice, another mouse model of increased PI(4,5)P2, have higher non-

HDL cholesterol than wild type controls.

Although TMEM55B was first identified as a PI(4,5)P2 phosphatase by Ungewickell et al7, a 

recent study by Willett et al failed to detect PI(4,5)P2 hydrolysis activity of TMEM55B28. 

This discrepancy may be due to differences in the expression system used, as Ungewickell et 
al purified TMEM55B protein in a mammalian system using infected Sf9 cells, while Willett 

et al used a bacterial system with E. coli, leading to potential differences in cellular transport 

and post translational modifications53. Although we did not directly test for phosphatase 

activity, we found that TMEM55B knockdown increased PI(4,5)P2 levels in HepG2 cells 

and in primary murine hepatocytes, consistent with independent results observed in Raw 

264.7 macrophages by Kailash et al21. The fact that TMEM55B modulates PI(4,5)P2 levels 

supports our finding that TMEM55B regulation of LDLR is dependent on PI(4,5)P2. 

Importantly, this dependency may be true whether or not TMEM55B has phosphatase 

activity as it may modulate PI(4,5)P2 levels through indirect actions (e.g. by recruiting a 

PI(4,5)P2 phosphatase).

In summary, we have shown that TMEM55B contributes to the dynamic regulation of 

lysosomal LDLR degradation and recycling, that this effect is mediated by PI(4,5)P2, and 

that it ultimately impacts plasma non-HDL cholesterol and apoE-enriched lipoprotein levels. 

Given the importance of LDLR function in the clinical management of elevated plasma 

cholesterol levels and the prevention of cardiovascular disease, the regulation of LDLR has 

been extensively studied. However, the present findings highlight that there are as yet 

unidentified molecular players that impact LDLR regulation and function.
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Abbreviations:

ABCA1 ATP-binding cassette transporter A1

ARH Autosomal recessive hypercholesterolemia protein

ASO Antisense oligonucleotides
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CVD Cardiovascular disease

FPLC Fast protein liquid chromatography

HDL High-density lipoprotein receptor

IDL Intermediate density lipoproteins

INPP5F Inositol polyphosphate-5-phosphatase F

LAMP1 Lysosome associated membrane protein 1

LDLR Low-density lipoprotein receptor

LDLRAP1 Low-density lipoprotein receptor adapter protein 1

LRP1 Lipoprotein receptor-related protein 1

OCRL Lowe oculocerebrorenal syndrome protein

PCSK9 Proprotein convertase subtilisin/kexin type 9

PI(4,5)P2 Phosphatidylinositol-(4,5)-bisphosphate

PI4P Phosphatidylinositol 4-phosphate

PIKfyve Phosphoinositide kinase, FYVE-type zinc finger containing

RAB11 Ras-related protein 11

RAB7 Ras-related protein 7

Scr Scrambled control

TFR Transferrin receptor

TG Triglyceride

TMEM55B Transmembrane protein 55B

VLDL Very low-density lipoproteins
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HIGHLIGHTS:

• Tmem55b regulates plasma non-HDL cholesterol levels in vivo.

• TMEM55B knockdown decreases LDLR levels through increasing LDLR 

partitioning to lysosomes.

• TMEM55B regulates cellular LDLR lysosomal decay and recycling through 

PI(4,5)P2
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Figure 1. 
Tmem55b knockdown with antisense oligonucleotides (ASO). Six-week old male (A,B) and 

female (C,D) C57BL/6J mice were treated with an ASO against Tmem55b (T1, T2 or 

T1+T2) or a non-targeting control (NTC) at a dose of 25 mg/kg body weight/week and fed a 

Western diet (0.2% cholesterol, 42% fat) for 4 weeks. Hepatic Tmem55b transcript (A, C) 

was detected by qPCR (mean ± s.e.m. of the fold change from NTC treated animals) with 

values normalized to Clptm. Protein (B, D) levels were detected by immunoblot. Quantified 

results are presented as mean ± s.e.m. N=9–10 in male mice; N=6–8 in female mice. 

**p<0.01, ***p<0.001, ****p<0.0001 vs. NTC by one-way ANOVA or Student’s t-test.
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Figure 2. 
Tmem55b knockdown increases plasma cholesterol. Body weight of male (A) and female 

(C) mice was measured weekly before and 3–4 weeks after ASO (Tmem55b T1 and/or T2, 

or NTC) and Western diet treatment. Plasma TC, HDLc and TG from male (B) and female 

(D) mice were quantified with AMS Liasys 330 Clinical Chemistry Analyzer, and LDLc 

was calculated by subtraction of HDLc from TC. N=9–10 in male mice; N=6–8 in female 

mice. Numeric data represent the means ± s.e.m. *p<0.05, **p<0.01, ****p<0.0001 vs. 

NTC by one-way ANOVA or Student’s t-test.
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Figure 3. 
Tmem55b knockdown increases plasma cholesterol on apoE containing particles. Pooled 

plasma from female mice (n=3/treatment, with each plasma sample pooled from 2 littermate 

mice) was separated by FPLC. Total cholesterol (A) and apolipoproteins B100, B48, E and 

A1 (B) in each FPLC plasma fraction were quantified with enzymatic assay or Western blot 

(n=3). (C). Representative images of B. *p<0.05 vs. NTC by Student’s t-test.
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Figure 4. 
Tmem55b does not alter plasma lipids in Ldlr−/− mice. Six-week old Ldlr−/− male (A,B,C) 

and female (D,E,F) mice (n=4 per sex per group) were fed Western diet and treated with 

NTC or Tmem55b ASO (T1+T2) weekly for 4 weeks. Hepatic Tmem55b transcript (A, D) 

and protein (B, E) levels were detected by qPCR and immunoblot, respectively. (C,F) TC, 

HDLc and TG were quantified with AMS Liasys 330 Clinical Chemistry Analyzer, and 

LDLc was calculated by subtraction of HDLc from TC. Numeric data represent the means ± 

s.e.m. *p<0.05, **p<0.01 vs. NTC by Student’s t-test.
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Figure 5. 
Tmem55b knockdown increases LDLR-lysosomal degradation and reduces LDLR recycling. 

Primary hepatocytes were isolated from NTC and T2 ASO treated 8-week-old male mice. 

HepG2 or McArdle cells were transfected with siRNAs targeting TMEM55B (siTMEM) or 

a scrambled control (Scr) for 36 hours. (A) Primary hepatocytes were stained with 

antibodies against LDLR and/or LAMP1 at 4°C overnight, and examined by confocal 

microscopy. (B) Permeabilized HepG2 cells were incubated with LysoTracker for 2 hours or 

stained with antibodies against LDLR and/or LAMP1 at 4°C, and examined by confocal 

microscopy. (C) McArdle cells were treated with oleic acid for 45 min and incubated with 

LysoTracker for 2 hours. (D) 12 hours after siRNA transfection, HepG2 cells were treated 

with either 10 mM NH4Cl or sham buffer, and LDLR was visualized after 24 hr with anti-

LDLR. (E) HepG2 cells were transfected with siRNAs targeting TMEM55B with and 

without LAMP1 and RAB7 or Scr control, and LDLR was visualized after 36 hours. (F) 

siRNA treated HepG2 cells were incubated with antibodies against LDLR and RAB11. 

Representative images are shown. Quantification was performed using 15–35 randomly 

chosen fields that included 1–5 cells each, with images analyzed using the Carl Zeiss 

software, and representative images are shown. Colocalization was quantified with Carl 

Zeiss software AIM using Pearson’s Correlation Coefficients. Numeric data represent mean 

± s.e.m. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 vs. NTC or Scr by Student’s t-test. 

Scale bars, 10 μm.
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Figure 6. 
TMEM55B does not regulate recycling receptors in general, and does not bind LDLR. (A) 

Primary hepatocytes were isolated from NTC and T2 ASO treated 8-week-old male mice, 

stained with anti-transferrin receptor antibody at 4°C overnight, and examined by confocal 

microscopy. (B) HepG2 cells were transfected with siRNAs targeting TMEM55B (siTMEM) 

or a scrambled control (Scr) for 36 hr. Cells were incubated with 1° antibodies against TFR 

and/or LRP1 at 4°C, and examined by confocal microscopy. Representative images are 

shown. Quantification was performed as described in Figure 1. *p<0.05 vs. Scr by Student’s 

t-test. Scale bars, 10 μm. (C-E) HepG2 cells were transfected with TMEM55B-GFP over-

expression (GFP-TMEM) or GFP (negative control) plasmids for 48 hr, then cells were 

lysed and subjected to co-immunoprecipitation (IP) with anti-TMEM55B antibody or an IgG 

negative control. The resulting precipitates, as well as a portion of the whole cell lysate 

(WCL), were subjected to immunoblotting with anti-TMEM55B, Anti-JIP4, and anti-LDLR 

antibodies. Experiments were repeated 3 times, with representative images shown. (F) 

Images of western blot results for TMEM55B, PCSK9, MYLIP/IDOL, and COMMD1 from 

liver lysates of NTC, T1, and T2 treated male mice. GAPDH was used as internal control 

(n=4). Experiments were repeated 3 times with representative images shown.
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Figure 7. 
TMEM55B regulates LDL uptake through PI(4,5)P2. (A) PI(4,5)P2 levels from liver lysates 

of NTC- and T2-ASO treated male mice were assessed (n=6–7). HepG2 cells (n=5–8) were 

transfected with siRNAs targeting TMEM55B (siTMEM) or a scrambled control (Scr) for 

36 hours (B, C), or with TMEM55B over-expression (OE) or empty-vector (EV) plasmids 

for 48hr (D, E). Cells were then permeabilized, and incubated with an antibody against 

PI(4,5)P2 or Lamp1 at 4°C overnight, and examined by confocal microscopy (B, D) or BD 

FACS Calibur (C, E). (F) HepG2 cells (n=3) were first transfected with TMEM55B OE or 

EV plasmids for 48hr and incubated with PI(4,5)P2 or control liposomes without any no 

PIPn from Echelon Bioscience. Then all cells were incubated with 10ug/ml Dil-labeled LDL 

for 3 hr at 37°C. Dil fluorescence was quantified on the BD FACS Calibur as the median 

fluorescence values of 10,000 gated events. For confocal microscopy, quantification was 

performed using 30–35 randomly chosen fields that included 1–5 cells each, with images 

analyzed using Carl Zeiss software, and representative images are shown. Colocalization 

was quantified with Carl Zeiss software AIM using Pearson’s Correlation Coefficients. 

Numeric data represent means ± s.e.m. **p<0.01, ****p<0.0001 vs. NTC by Student’s t-

test. Scale bars, 10 μm.
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