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MicroRNA regulation of protein expression plays an impor-
tant role in mediating many cellular processes, from cell prolif-
eration to cell death. The human microRNA miR-424 is up-reg-
ulated in response to anti-proliferative cytokines, such as
transforming growth factor � (TGF�), and directly represses
cell cycle progression. Our laboratory recently established that
microRNA can be used as a proxy to identify biological roles
of glycosylation enzymes (glycogenes). Herein we identify
MGAT4A, OGT, and GALNT13 as targets of miR-424. We dem-
onstrate that MGAT4A, an N-acetylglucosaminyltransferase
that installs the �-1,4 branch of N-glycans, is directly regulated
by miR-424 in multiple mammary epithelial cell lines and
observe the loss of MGAT4A in response to TGF�, an inducer of
miR-424. Knockdown of MGAT4A induces cell cycle arrest
through decreasing CCND1 levels. MGAT4A does not affect
levels of �-1,6 branched N-glycans, arguing that this effect is
specific to �-1,4 branching and not due to gross changes in over-
all N-linked glycosylation. This work provides insight into
the regulation of cell cycle progression by specific N-glycan
branching patterns.

The central dogma of molecular biology defines the major
direction of information flow from DNA to RNA to protein (1).
However, the last few decades of research has led us to realize
that additional information is encoded in RNA-RNA interac-
tions and posttranslational modifications (2, 3). MicroRNA
(miRNA),3 small non-coding RNA sequences (�22 nucleo-
tides), have been heralded as regulators of gene expression that
control postranscriptional mRNA stability or translation (4, 5).
miRNAs tune out transcriptional noise, allowing tighter con-
trol over protein expression of critical proteins defining a cell
(6). Much like miRNA, glycosylation has the ability to exert
global regulatory effects within the cell and its surroundings,
and dysregulation can lead to biological disorders (7). Recent
work by our laboratory has shown that miRNAs are important

regulators of glycosylation (8) and can be used as a proxy to
define the biological functions of glycosylation enzymes (9).

The human miRNA hsa-miR-424-5p (miR-424), a member
of the miR-15 family, plays a role in cell cycle regulation (10, 11).
miR-424 is a critical component of mammary gland involu-
tion in the breast in response to TGF� (12, 13). Recent find-
ings show that increased miR-424 mediates cell cycle arrest
in mammary epithelial cells. It does so by directly targeting
and suppressing cyclin-D1 (CCND1) and the phosphatase
CDC25A, promoters of G1 to S phase progression (13, 14).
This suggests that glycosylation enzymes targeted by miR-
424 regulate cell proliferation.

Glycosylation influences nearly all cellular processes (15).
Both N-glycan branching and the nucleocytoplasmic O-linked
N-acetylglucosamine (O-GlcNAc) have been shown to play
roles in cell growth (16 –19). Metabolic UDP-GlcNAc levels
drive increased N-glycan branching that stimulates growth at
lower levels and leads to cell cycle arrest at high concentrations
via attenuation of TGF�/SMAD signaling (18). This regulation
is thought to occur in part through changes in the binding of
galectin-3, an N-acetyllactosamine binding lectin that forms
cell surface glycan/lectin lattices altering growth factor signal-
ing (20). Changes in O-GlcNAc levels also influence cell cycle
progression (17). For example, O-GlcNAc transferase (OGT) is
concentrated at the mitotic spindle and plays a role in chroma-
tin dynamics (17, 21).

In this study we examine three predicted glycogene targets
of miR-424: MGAT4A, OGT, and GALNT13. MGAT4A
(mannosyl(�-1,3-)-glycoprotein-�-1,4-N-acetylglucosaminyl-
transferase, isozyme A) is responsible for installing the �-1,4
branch on complex N-glycans, whereas GALNT13 is one of
20 enzymes known to initiate canonical O-glycosylation.
Although luciferase assays confirm all three as miR-424 targets,
only MGAT4A is significantly altered in response to miR-424 in
breast cell lines. Induction of miR-424 by the anti-proliferative
cytokine TGF� correlated with loss of MGAT4A. Knockdown
of MGAT4A inhibited cell proliferation and decreased CCND1
levels. No significant change in �-1,6 branching is observed in
MGAT4A knockdown cells, suggesting that these effects on cell
cycle progression are not due to a general loss of N-glycan
branching but rather the manipulation of specific branching
patterns.

Experimental Procedures

Cell Lines, miRNA Transfection, and shRNA Conditions—
MCF-7 and MDA-MB-231 cells were obtained from the Divi-
sion of Cancer Treatment and Diagnosis Tumor Repository
(National Cancer Institute, Frederick, MD) and cultured in
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EMEM (minimum essential medium with Earle’s salts; MCF-7,
Lonza) or RPMI 1640 (MDA-MB-231, Lonza) supplemented
with 10% fetal bovine serum (FBS, v/v, Innovative Research).
HEK 293/T17 cells (ATCC) were cultured in DMEM (Lonza)
supplemented with 10% FBS. HMLE cells were obtained from
Robert A. Weinberg (Massachusetts Institute of Technology)
and cultured in 1:1 DMEM:F-12 medium supplemented with
10 ng/ml human EGF, 0.5 �g/ml hydrocortisone, 10 �g/ml
insulin, and penicillin/streptomycin as previously described
(22). All cells were cultured at 37 °C in 5% CO2.

For miRNA experiments, 1 � 105 cells were transfected with
50 nM concentrations of either mimics or inhibitors (miR-424
and scrambled controls; Dharmacon/GE Healthcare) in Lipo-
fectamine 2000 (1 ml total volume, Life Technologies) and
plated in a single well of a 12-well tissue culture dish. After 48 h,
cells were harvested with 0.25% trypsin-EDTA (200 �l, Corn-
ing) after which 1 ml of medium was added to quench the tryp-
sin. Cells were pelleted (10,000 � g, 4 °C) and washed 1� in
HBSS (Hank’s buffered saline solution), and the pellet was
snap-frozen in liquid N2 for further analysis.

To generate shRNA knockdowns of MGAT4A, MISSION
shRNA clones (TRCN000035813 (KD-1) and TRCN0000
035812 (KD-2)) or non-targeting control (SHC016, Sigma)
were obtained as viral stocks from the shRNA Core at New York
University Langone Medical Center. MCF-7 or MDA-MB-231
cells were seeded at 5 � 104 cells in a 6-well format and trans-
duced 24 h after plating with the appropriate shRNA lentivec-
tors (multiplicity of infection � 2) in media containing 8 �g/ml
Polybrene. After 48 h, the medium was replaced with selection
media (MCF-7: 1.5 �g/ml puromycin; MDA-MB-231: 1 �g/ml
puromycin), and cells were maintained as stable selected cell
lines for up to 5 passages. For protein and RNA, cells were
analyzed at passage 1 post-selection. Each cell line was gener-
ated in triplicate.

TGF� Treatment of HMLE Cells—TGF� treatments were
performed as previously described (23). In brief, 6.7 � 105

HMLE cells were seeded in T-25 culture flasks and grown under
standard conditions for 24 h; medium was then replaced with
10 ml of DMEM:F-12 containing 5% calf serum (HyClone) and
either 5 ng/ml TGF� or vehicle (1 mg/ml BSA in 4 mM HCl;
TGF� reconstitution buffer). At 48 h post-treatment, cells were
harvested with 0.25% trypsin-EDTA and pelleted as before for
further analysis.

Luciferase Reporter Assay—The 3�-UTRs of MGAT4A
(NM_001160154), OGT (NM_181672), and GALNT13 (NM_
052917) were cloned from MCF-7 cDNA using Q5 Hotstart
Polymerase (New England BioLabs) and inserted into the
pLightSwitch_3�-UTR vector (SwitchGear Genomics) using

the primers listed in Table 1. Plasmids were purified using
Endo-Free Plasmid Maxi kit (Qiagen). HEK 293/T17 cells (7 �
104) were co-transfected with plasmid (250 ng) and microRNA
mimics (60 nM) using Lipofectamine 2000 and plated in a well of
a 96-well plate (100 �l total volume). After 24 h, the assay was
developed with the LightSwitch Assay Reagent (SwitchGear
Genomics), and luminescence was read on a Biotek microplate
reader. For each assay we calculated the average -fold change as
a ratio miR-424/scramble relative to the treated empty vector
for five replicate wells per condition. It should be noted that
miR-424 decreases the signal of the empty vector, most likely
due to its anti-proliferative effects; thus, we normalized our
data to account for this effect. Data presented represent the
average of three replicate assays.

Western Blotting—Cell pellets (treated or control) were
thawed on ice in cold radioimmune precipitation assay buffer
(�100 �l, Sigma) supplemented with protease inhibitors to lyse
the cells. Lysates were quantified using the DC assay (Bio-Rad).
Equal amounts of protein were resolved by 8% or 10% SDS-
PAGE and transferred onto nitrocellulose membranes (Tris-
Glycine buffer, 20% methanol, and either 1 h at 350 mA or 16 h
at 90 mA). Blots were blocked in 5% (w/v) nonfat milk in TBST
(TBS, pH 7.4, 0.05% Tween 20) for 1 h at room temperature.
Blots were then incubated with the following primary antibod-
ies for 16 h at 4 °C. Dilution buffers are noted: �-MGAT4A
(clone 8C5, Abnova, 1:1000, 5% BSA in TBST); �-galectin-3-
biotin (clone M3/38, eBioscience, 1:1000, 5% milk in TBST);
�-E-cadherin (clone EP700Y, Abcam, 1:5000, 5% BSA in
TBST); �-actin (Thermo Scientific, 1:10,000, 5% milk in TBST).
Blots were then washed 3 � 5 min in TBST after which
the corresponding HRP-conjugated secondary antibodies
(�-mouse IgG, �-rabbit IgG, Bio-Rad; �-biotin, Cell Signaling)
were applied for 1 h at room temperature at a 1:5000 dilution in
5% milk in TBST. Blots were washed 3 � 5 min TBST and then
developed using SuperSignal West Pico (Thermo Scientific).

RNA Extraction and Quantitative Real-time PCR (qRT-PCR)—
Cell pellets (treated or control) were thawed, and total RNA was
extracted (miRNeasy mini kit; Qiagen). Only cell pellets frozen
for 1 week or less were used for RNA extraction. RNA was
quantified by using NanoDrop ND-1000 and reverse-tran-
scribed (High Capacity cDNA Reverse Transcription Kit;
Applied Biosystems) into cDNA using 750 ng of RNA input.
Transcripts were quantified by qRT-PCR using PowerSYBR
Green PCR Master mix (Applied Biosystems) in a LightCycler
480 (Roche Applied Science). Primers were designed with
qPrimerDepot (primerdepot.nci.nih.gov) and are listed in
Table 2. Cycle threshold values were normalized to the �-actin
gene ACTB as an internal control. Each run was performed in

TABLE 1
Primers used for 3�-UTR luciferase constructs
Primers used for the generation of the 3�-UTR luciferase constructs. P, 5�-phosphorylated.

Construct Forward primer Reverse primer

MGAT4A ATATGCTAGCGGTAGAGGGGGCTGC ATACTCGAGCACCTATTTTTATTAGAAGGAATC
MGAT4A_M1 PCTAGTAACTGGTCCTGTTGATTG PGTTTTCAATTATATCTGTATATCTGAAAATAAATAATC
MGAT4A_M2 PGGTGTTTTAACCAGGTTAATTTGTGGC PACTGATTTATTATCTCATAGTTC
MGAT4A_M3 PCTGAGCCTTAATAAGCCAGGTTTCGACAGTACTG PAGAATATGTCTTCAAAAGATATTTTCACC
OGT TTGCTAGCCACATGATTAAGCCTGTTGAAGT AATGGATCCCAAAATACATCAGCCGTATTA
OGT_M PGACTGCCCCCTCTAAGATACCTCCAAAAGTGAT PGGTAAAACACTGGTGAAACAGGTCAAAA
GALNT13 ATATGCTAGCCTTGGGCACATGAAGATC ATACTCGAGAATATAGCAGCATTTTAATAAAATTTC
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triplicate for each gene. The average relative -fold change (set to
either non-targeting shRNA or scrambled control) was calcu-
lated using the ��CT method (24). Data shown are the average
of three biological replicates. Error bars represent the S.D.

For miR-424 quantification, the TaqMan Reverse Transcrip-
tion kit (Applied Biosystems) was used with 10 ng of RNA input
followed by the TaqMan microRNA Assay (Applied Biosys-
tems). The miR-424 was then quantified by qRT-PCR as
described above.

Cell Cycle Analysis—MCF-7 cells (MGAT4A-KD-1 or con-
trol) were harvested as described, washed, and resuspended in
200 �l of cold TBS. Cells were then fixed by the addition of 1 ml
of 70% ethanol for 16 h at �20 °C. Before flow cytometry anal-
ysis, cells were pelleted (30 min, 10,000 � g), the pellet was
washed with 1 ml of HBSS, and the washed pellet was resus-
pended in 500 �l of FxCycle (Life Technologies). Cells were
then analyzed using a BD Acuri 6 benchtop flow cytometer (BD
Biosciences) by counting 20,000 cells with the FL3A detector.
Results were quantified using the univariate cell cycle analysis
algorithm (FlowJo). Data shown are the average of three biolog-
ical replicates.

Cell Proliferation Analysis—MGAT4A knockdown or
shRNA control cells were plated in triplicate in a 12-well plate
at 50,000 cells/well. A single well was harvested at 24, 48, and
72 h and counted using a hemocytometer. Data presented
are the average of three biological replicates at varying cell
passages.

Immunofluorescence—MGAT4A knockdown or shRNA con-
trol cells were plated on glass-bottom 30-mm dishes (Corning)
at 2.5 � 104 cells/cm2 and cultured for 5 days. The cells were
then washed with HBSS (3 � 2 ml, 5 min), fixed with 4% form-
aldehyde (1.5 ml, 10 min), and permeabilized with 0.2% Triton
X (1.5 ml, 5 min). Samples were then blocked with 5% bovine
serum albumin in HBSS (2 ml, 30 min) and incubated with
primary antibodies or lectins diluted in HBSS as follows for 1 h
at room temperature: �-galectin-3 (1:250), �-E-cadherin
(1:500), biotinylated-PHA-L (1:500, Vector Laboratories). Cells
were then washed with 3 � 1 ml of HBSS and incubated with
the appropriate secondary antibodies (streptavidin-Cy5 or
�-rabbit IgG-FITC; Sigma) in HBSS at room temperature for
1 h at a 1:1000 dilution. Cells were again washed (3 � 1 ml
HBSS) and treated with DAPI (300 nM in HBSS, 5 min), which
was removed, and HBSS was added (2 ml) before imaging. Cells
were imaged via fluorescence microscopy (40�-PlanFluor
objective, NA 0.3, excitation/emission, 625– 650 nm/670 nm,

Eclipse TE 2000-U; Nikon). Fluorescence images within an
experiment were acquired under identical conditions.

Results

miR-424 Targeted the 3�-UTR of Predicted Glycosyltrans-
ferases—We identified MGAT4A, OGT, and GALNT13 as the
top three predicted glycogene targets of miR-424 using the
summed miRSVR score on the miRanda database (Table 3) (25,
26). For OGT, the mRNA transcript containing the highest pre-
diction score was a truncated product; thus, we examined the
3�-UTR of the full-length gene. To validate these interactions
we used a luciferase assay in which the 3�-UTR of our glycogene
is appended to a luciferase reporter (Fig. 1A). In brief, HEK293/
T17 cells were co-transfected with the reporter construct (3�-
UTR, mutant or luciferase control) and an miR-424 or scram-
bled mimic. After 24 h, luminescence readings were obtained.
Data are reported as -fold change of miR-424/scrambled treat-
ments normalized to the luciferase controls (Fig. 1B). The
results confirm that all three genes are targets of miR-424. We
validated the predicted binding sites of MGAT4A and OGT by
site-directed mutagenesis of the seed regions (Table 3, under-
lined residues). Mutation of all three predicted miR-424 bind-
ing sites in MGAT4A completely abolished miR-424 repression
of luciferase. In contrast, mutation of the miR-424 binding site
in OGT only partially diminished the repression of the lucifer-
ase signal, suggesting the presence of other miR-424 binding
sites in the OGT 3�-UTR (Fig. 1B). Overall, our data demon-
strate that miR-424 can regulate MGAT4A, OGT, and
GALNT13 through binding to their 3�-UTRs.

miR-424 Targeted Endogenous MGAT4A in Breast Cell
Lines—Next, we examined the effects of miR-424 transfection
on the expression of endogenous MGAT4A, OGT, and
GALNT13 in the mammary epithelial cancer cell line MCF-7.
In brief, MCF-7 cells were transfected with either miR-424 or
scrambled mimic (50 nM), and cells were analyzed 48 h
post-transfection. Of the three glycosylation enzymes, only
MGAT4A showed a significant decrease in mRNA levels by
qRT-PCR upon miR-424 treatment (p � 0.001, Fig. 1, C and F).
Concomitant with this finding, the protein level of MGAT4A,
but not OGT, is seen to decrease by Western blot analysis in
miR-424-treated MCF-7 cells (Fig. 1, D and E). Thus we focused
our studies on MGAT4A.

TABLE 2
Primers used for qRT-PCR analysis

Gene symbol Forward primer Reverse primer

CCND1 TCCTCTCCAAAATGCCAGAG GGCGGATTGGAAATGAACTT
CDC25A CAACTAATCCAGAGAAGGCCC AAGGTCCCTTGGGTCATTGT
GALNT13 TCCTGGTCATCTTTAGGAATCA AGATCTCTGCTGCCTGCATT
LGALS3 GGGGAAGGGAAGAAAGACAG TGCAACCTTGAAGTGGTCAG
LGALS1 AGGTTGTTGCTGTCTTTGCC CAAACCTGGAGAGTGCCTTC
MGAT4A TCTACCAAGGGCATACGCTGGA GATGTTCTTGGTTGCCGCTATGG
MGAT4B TCACTGCCGAAGTGTACTGTG CTGACACTCTGCACTCGCTC
MGAT5 GTGAGGGTAGCCGTCCATAG CAGCTTGGTTGCACTTGAGA
OGT CACTTCCAGTGTCGAAGGCT GCCAGAAGGGGGTTCTGTTT
SMAD3 TGGACGCAGGTTCTCCAAAC CCGGCTCGCAGTAGGTAAC
SMAD4 GCTGCAGAGCCCAGTTTAGA CCCCAAAGCAGAAGCTACGA
TWIST1 CACGCGCGGCTCAGCTACGC ACAATGACATCTAGGTCTCCGGCCC

TABLE 3
3� UTR Alignment to miR-424

* mutation sites are underlined.
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We analyzed the impact of miR-424 on MGAT4A levels in
three different cell lines: MCF-7; HMLE, a transformed normal
breast cell line; A549, a human metastatic lung cell line (Fig. 1F).
CDC25A, a validated miR-424 target, was used as a positive
control. Transfection of miR-424 mimics inhibited MGAT4A
expression in both breast cell lines but had no impact in A549.
In contrast, CDC25A was inhibited by miR-424 in all cell lines
examined. Treatment of the cells with an inhibitor of endoge-
nous miR-424 (anti-424, Fig. 1F) increased mRNA levels of
MGAT4A in all three cell lines. Taken together these data argue
that MGAT4A is a direct target of endogenous miR-424.

TGF� Induced miR-424 and Decreased Both CDC25A and
MGAT4A in HMLE Cells—TGF� is a potent anti-proliferative
cytokine that drives both normal mammary gland morphogen-
esis (12) and invasive phenotypes in pathogenic cancer cells
(27). TGF� induces miR-424, which subsequently targets
CDC25A and CCND1, arresting cell cycle progression (13, 14).
With this in mind, we examined regulation of MGAT4A in
response to TGF� in HMLE cells. In brief, HMLE cells were
treated with TGF� (5 ng/ml) or control vehicle for 48 h and

were then analyzed for expression of MGAT4A, CDC25A, and
miR-424. Levels of endogenous miR-424 increased, in agree-
ment with the previous work (12, 13). In line with these find-
ings, expression of both MGAT4A and CDC25A decreased
after 48 h of treatment (Fig. 2). This suggests that MGAT4A
levels are controlled by endogenous miR-424 in response to
TGF�.

Loss of MGAT4A Led to Decreased Cell Proliferation and Cell
Cycle Arrest—To study whether loss of MGAT4A mimics the
effects of miR-424 we generated MGAT4A knockdown cell
lines (MGAT4A-KD) in two different breast cancer cells,
MCF-7 and MDA-MB-231. In brief, cells were treated with len-
tiviral vectors containing either MGAT4A shRNA or a non-
targeting control (NTC) and selected with puromycin. For
MCF-7, we generated knockdowns with two different shRNAs
(KD-1, KD-2). The knockdown of MGAT4A in both cell lines
was confirmed by qRT-PCR analysis (Fig. 3, A and D). KD-1 and
KD-2 gave similar levels of knockdown of MGAT4A by qRT-
PCR (�70%), but KD-1 showed a stronger effect by Western
blot analysis (Fig. 3B). Although these cells could be cultured,
proliferation rates of the MGAT4A-KD cell lines were signifi-
cantly lower than those of NTC cells for both MCF-7 and
MDA-MB-231 (Fig. 3, C and E). MGAT4A-KD cell lines
showed decreased CCND1 expression (MCF-7-KD-1, 30%;
MCF-7-KD-2, 50%; MDA-MB-231-KD-1, 42%, compared with
NTC, p � 0.01; Fig. 3, A and D). CDC25A expression decreased
in MCF-7-MGAT4A-KDs (KD-1, 31%; KD-2, 21%, compared
with NTC, p � 0.01) but not MDA-MB-231-MGAT4A-KD.
These results imply a concomitant change in cell cycle
progression.

We next performed flow cytometry analysis on synchronized
MCF-7-MGAT4A-KD-1 and control cells to examine more
closely changes in cell cycle progression. In brief, cells were
starved for 24 h to synchronize their cell cycles. Media contain-
ing serum was then added, and cells were analyzed at 0 and 20 h
by the method of Crissman and Steinkamp (28). Analysis
showed an arrest in the 2N phase for the MGAT4A-KD-1 cells,

FIGURE 1. Validation of predicted glycogenes as miR-424 targets. A, sche-
matic depiction of the 3�-UTR luciferase reporter assay and miR-424 binding
site mutants. B, luciferase assays show MGAT4A, OGT, and GALNT13 are sig-
nificantly targeted by miR-424. The graph displays average normalized -fold
change (mimic/scramble). **, p � 0.01, Student’s t test versus empty vector.
The gray bars represent mutants of appropriate miRNA binding sites (see
Table 3). C, MCF-7 cells treated with miR-424 mimic did not alter OGT or
GALNT13 transcript levels by qRT-PCR. The graph shows -fold change of
mRNA (2���CT) versus scramble (mir-scr). D and E, representative Western blot
analysis of cells treated as in C and probed for OGT and MGAT4A protein. F,
cell lines (MCF-7, HMLE, A549) were treated with miR-424 mimic or anti-miR,
and changes in MGAT4A (top) and CDC25A (bottom) transcript levels were
analyzed by qRT-PCR as previously described. **, p � 0.01; *, p � 0.05,
Student’s t test versus appropriate scrambled control. All experiments were
done in biological triplicates. Error bars represent the S.D.

FIGURE 2. TGF� induces miR-424 and decreases MGAT4A and CDC25A in
HMLE. A, levels of MGAT4A and CDC25A decrease, whereas mature miR-424
increases in HMLE cells treated with 5 ng/ml TGF� for 48 h by qRT-PCR. The
graph shows -fold change of mRNA (2���CT) versus vehicle-treated cells. **,
p � 0.01 versus vehicle-treated control. B, representative Western blot analy-
sis of MGAT4A in HMLE cells treated as described (top). The graph (bottom)
represents average -fold change of MGAT4A band density for treated versus
vehicle-treated control normalized to Ponceau staining in three independent
replicates. *, p � 0.05. All experiments were done in triplicate. Error bars rep-
resent the S.D.
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indicating a reduction in cells transitioning from G1 to S phase
by �30% (Fig. 4). These results are consistent with previous
observations for miR-424 (14) and imply that MGAT4A levels
affect cell cycle progression.

Impact of MGAT4A Levels on the Cell Cycle Are Not Due to
the Loss of �-1,6 Branched Glycans—The elaboration of bian-
tennary branched N-glycans to triantennary requires the addi-
tion of GlcNAc to either the C-4 position on the 1,3 mannosyl
arm (MGAT4A/B) or to the C-6 position on the 1,6 mannosyl
arm (MGAT5) (29). Branching to the tetraantennary then
requires the action of the other MGAT enzyme (Fig. 5A) (16,
30). Increased N-glycan branching has been shown to drive
responsiveness to TGF� signaling leading to growth arrest (18).
In the previous study responsiveness correlated with binding by
the lectin PHA-L, a known binder of �-1,6 branched N-glycans
(31). Analysis of glycan microarray data from the Consortium
for Functional Glycomics shows that it has no recognition of
�-1,4 branched triantennary structures (Fig. 5B). To test
whether loss of MGAT4A alters �-1,6 branched N-glycan pro-
duction through MGAT5, we examined the transcript levels of
all three branching enzymes in MCF-7-MGAT4A-KD-1. As
previously discussed, we observed a �70% decrease in
MGAT4A levels; however, no significant compensatory
changes in either MGAT4B or MGAT5 were observed (Fig.
5C). It should be noted that MGAT4A�/� knock-out mice
retain only 2–20% �-1,4 GlcNAc transferase activity (32), and
MGAT4B has a lower affinity for both UDP-GlcNAc and sub-

strates (33), arguing that it cannot compensate for loss of
MGAT4A activity in our knockdown cells. Staining of
MGAT4A-KD cells with PHA-L showed no noticeable changes
in PHA-L binding (Fig. 5D). Taken together, our data argues
that MGAT4A exerts its effects on cell cycle progression inde-
pendent of �-1,6 branched glycans and implies a specific role
for the �-1,4 branch in cell cycle regulation.

Galectin-3 Expression Increases in Response to miR-424 and
Loss of MGAT4A in MCF-7—Previous work established galec-
tin-3 as a key mediator between N-glycan branching patterns
and changes in growth factor signaling that result in altered
proliferation (18, 20). Galectin-3 has also been shown to have
glycan-independent effects on the cell cycle, halting cell cycle
progression at the G1 phase by regulating transcription factor
binding in the nucleus (34, 35). With this in mind, we ana-
lyzed galectin-3 levels in response to either miR-424 or
MGAT4A-KD in MCF-7 cells. Analysis of miR-424-treated
cells showed a significant increase in galectin-3 levels as mea-
sured by both qRT-PCR and Western blot analysis (Fig. 6, A and
B). A similar increase was observed in the MGAT4A-KD cells
(Fig. 6, C and D).

Localization of galectin-3 dictates its role, with cell surface
galectin-3 causing sensitization of cytokine receptors (20) and
nuclear galectin-3 playing a direct role in transcription factor
binding (36). We analyzed the cellular localization of galectin-3
in MGAT4A-KD cells by fluorescence microscopy (Fig. 6E).
We could not observe galectin-3 in NTC cells. Galectin-3 in

FIGURE 3. Loss of MGAT4A leads to decreased cell proliferation and cell cycle arrest. A, MGAT4A, CDC25A, and CCND1 levels are significantly reduced in
MGAT4A-KD MCF-7 cells. Data for MCF-7 cells independently treated with two different shRNAs (KD-1, KD-2) are shown. The graph shows -fold change of mRNA
(2���CT) versus NTC. B, representative Western blot analysis of MGAT4A protein levels in MGAT4A-KD MCF-7 cells. C, growth curves of MGAT4A-KD cells versus
NTC. Cell count is shown as -fold change over number of cells plated. D, MGAT4A and CCND1 levels are significantly reduced, whereas levels of CDC25A are
elevated in MGAT4A-KD MDA-MB-231 cells. Graphs are as previously described in A. E, growth curve of MDA-MB-231-MGAT4A-KD cells versus NTC. Graphs are
as previously described in C. **, p � 0.01; *, p � 0.05 versus NTC for all graphs. Experiments were done in biological triplicate. Error bars represent the S.D.

miR-424 Predicts MGAT4A Regulation of Cell Proliferation

JANUARY 15, 2016 • VOLUME 291 • NUMBER 3 JOURNAL OF BIOLOGICAL CHEMISTRY 1533



MGAT4A-KD-1 cells was localized to the nucleus, with little
cell surface binding observed (Fig. 6E, red channel). For com-
parison, we examined the expression of E-cadherin, a noted cell
surface marker. Neither the expression (Fig. 6D) nor the mem-
brane levels of E-cadherin (Fig. 6F) were altered. Although it is
unclear whether the change in galectin-3 is important to the cell
cycle arrest observed in miR-424 and MGAT4A-KD cells, our
data suggest that nuclear galectin-3 may cooperate with miR-
424 and MGAT4A in controlling cell cycle progression.

Discussion

Cell cycle progression is controlled by external growth and
arrest signals from growth factors and cytokines (Fig. 7). Gly-
cosylation can play a role in mediating such signals through
altering the trafficking and sensitivity of cell surface cytokine
and growth factor receptors (18, 37–39). MicroRNA, which
shapes the identity of a cell through fine-tuned regulation of
gene expression, allows us to predict the biological role of spe-
cific glycosylation enzymes and the glycans they synthesize
(miRNA proxy approach) (8, 9). Herein we demonstrate that
miR-424, a cell cycle regulator, targets the 3�-UTR of the glyco-
sylation-related genes MGAT4A, OGT, and GALNT13, sug-
gesting these enzymes may play a role in cell cycle regulation.
miRNA can display cell type-dependent effects due to differ-
ences in both endogenous miRNA cohorts and gene transcript
levels (40). In keeping with this, only MGAT4A, the major

enzyme controlling the �-1,4 branch of multiantennary N-gly-
cans (32), was targeted by miR-424 in the breast cancer line
MCF-7. Regulation of MGAT4A is more pronounced in breast
cell lines than in the lung cell line A549 (Fig. 1). Although OGT
was not regulated by miR-424 in MCF-7, the miRNA-depen-
dent regulation of OGT is of special interest. Previous analysis
of the 3�-UTR of OGT revealed that it is one of the most highly

FIGURE 4. Loss of MGAT4A leads to decreased G1-S cell cycle progression.
A, representative flow cytometry analysis of MCF7-MGAT4A-KD-1 cells or NTC
after serum starvation (0 h) followed by 20 h of serum stimulation indicates a
slowed 2N (light gray) to S phase (black) progression in MGAT4A-KD cells. B,
quantification of % cell population in 2N and S phases for MCF7-MGAT4A-
KD-1 (gray bars) or NTC (black bars), averaged over three biological replicates.
*, p � 0.05; **, p � 0.01 versus NTC.

FIGURE 5. Loss of MGAT4A activity does not affect GlcNAc-�-1,6
branching. A, biosynthetic pathway of tetraantennary branched N-glycans.
Binding sites of PHA-L are indicated. B, analysis of PHA-L binding to the Con-
sortium of Functional Glycomics (CFG) glycan array v. 5.0 indicates a prefer-
ence for GlcNAc-�-1,6 branched products. The graph shows the data for 100
�g/ml biotinylated-PHA-L (Vector Laboratories) binding to glycans bearing
only �-1,4 branching (�-(1,4)) and the corresponding �-1,6 glycans (�-(1,6)).
Data are given as fluorescence intensity. C, knockdown of MGAT4A in MCF-7
cells shows no significant change in MGAT4B or MGAT5 mRNA levels by qRT-
PCR. The graph shows -fold change mRNA expression compared with NTC.
n � 3 biological replicates. Error bars represent the S.D. D, fluorescence
microscopy of PHA-L stained MGAT4A-KD and NTC cells. No significant loss of
PHA-L binding were observed. Images shown are representative of two bio-
logical replicates, five images per replicate.
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regulated glycogenes (41). O-GlcNAc, the epitope controlled by
this enzyme, is involved in cell proliferation (42, 43), consistent
with targeting by miR-424. Thus, further exploration of the
interaction between miR-424 and OGT in alternate biological
systems is warranted.

miR-424 is up-regulated in normal mammary epithelia in
response to TGF�, a potent inducer of cell cycle arrest (13, 27).
Subsequently, miR-424 targets and suppresses a number of cell
cycle regulators such as cyclin D1 (CCND1) and CDC25A,
resulting in G1-S phase arrest and slower proliferation (13, 14).
Treatment of the normal breast epithelial cell line HMLE with
TGF� caused up-regulation of miR-424 and concomitant
down-regulation of MGAT4A and CDC25A (Fig. 2), suggesting
that MGAT4A plays a role in this signaling network.

Knockdown of MGAT4A had a profound effect on cell pro-
liferation in multiple breast cell lines (Fig. 3). We observed a
decrease in G1-S progression and a loss of cyclin D1 expression,
suggesting arrest of cell cycle progression (Fig. 4). Glycan
branching has been previously shown to directly impact cell
proliferation mediated by galectin-3 binding to cell surface
receptors (44). However, these studies focused on alterations in
�-1,6 branched glycans, increases in which first stimulate and

then arrest growth rates (18). Knocking down MGAT4A, which
biosynthesizes �-1,4 branched glycans, did not affect �-1,6
branched glycans, which are biosynthesized by MGAT5 (Fig. 5).
A role for MGAT4A in cell proliferation is supported by work
showing MGAT4A is targeted by let-7, a known tumor sup-
pressor (45). This suggests that specific branching patterns
(�-1,4 versus �-1,6) may play distinct roles, imposing an addi-
tional level of control on cell signaling through modulation of
glycoproteins such as cytokine and growth factor receptors
(Fig. 7).

Both elevated miR-424 and loss of MGAT4A increased
expression of galectin-3 (Fig. 6). MCF-7-MGAT4A-KD cells
showed a pronounced increase in nuclear galectin-3 by fluores-
cence microscopy. Nuclear galectin-3 plays a range of biological
roles, including manipulation of RNA splicing and enhance-
ment of transcription factor activity (46, 47). Nuclear galectin-3
also plays a role in late-G1 cell cycle arrest and suppression of
anoikis, the programmed cell death in response to loss of cell
adhesion (34, 35). Anoikis suppression is observed in migrating
metastatic cancer cells and correlates with decreased prolifera-
tion (48). Although the specific signaling pathways between
�-1,4-branched glycans, cell cycle arrest, and nuclear galectin-3

FIGURE 6. Loss of MGAT4A induces expression and nuclear localization of galectin-3. A–D, MCF-7 cells treated with miR-424 mimic (A and B) as well as
MCF-7-MGAT4A-KD cells (C and D) show increased LGALS3 (galectin-3) expression by qRT-PCR (A and C) and Western blot (B and D) when compared with
controls (scrambled mimic (miR-scr) and NTC, respectively). **, p � 0.01 versus miR-scr or NTC. E-cadherin levels are not altered by in MCF-7-MGAT4A-KD cells
by Western blot. D and E, fluorescence microscopy of MGAT4A-KD-1 (MGAT4A-KD) MCF-7, or NTC cells stained with �-galectin-3 (red) and DAPI (blue) indicate
significant nuclear localization of galectin-3 in MGAT4A-KD cells. F, fluorescence microscopy of MCF7-MGAT4A-KD-1 or NTC cells stained with �-E-cadherin
(red) and DAPI (blue) indicate no change in levels or cell membrane localization of E-cadherin in MGAT4A-KD cells.
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have not yet been mapped out, our data sheds light on a con-
nection between cell cycle regulation and anoikis suppression
of breast epithelial cells in response to changes in specific
N-glycan branching patterns.
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