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Intrinsic hepatocyte dedifferentiation
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of mesenchymal markers, protein
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Alterations in N-linked glycosylation have long been associated with cancer but for the most part,

the reasons why have remained poorly understood. Here we show that increased core fucosylation

is associated with de-differentiation of primary hepatocytes and with the appearance of markers
indicative of a transition of cells from an epithelial to a mesenchymal state. This increase in core
fucosylation was associated with increased levels of two enzymes involved in a-1,6 linked fucosylation,
GDP-mannose 4, 6-dehydratase (Gmds) and to a lesser extent fucosyltransferase 8 (Fut8). In addition,
the activation of cancer-associated cellular signaling pathways in primary rat hepatocytes can increase
core fucosylation and induce additional glycoform alterations on hepatocyte proteins. Specifically,

we show that increased levels of protein sialylation and a-1,6-linked core fucosylation are observed
following activation of the 3-catenin pathway. Activation of the Akt signaling pathway or induction of
hypoxia also results in increased levels of fucosylation and sialylation. We believe that this knowledge
will help in the better understanding of the genetic factors associated with altered glycosylation and
may allow for the development of more clinically relevant biomarkers.

Despite advances in medical technology, the 5-year survival rate for hepatocellular carcinoma (HCC) is only
8-13%, likely due to the fact that the majority of patients with HCC are diagnosed at advanced stages'. HCC is
one of the most common solid malignancies worldwide, and the incidence in the United States is increasing? In
this setting of a significant increase in the number of patients with HCC, early detection and treatment are vital to
improve the otherwise dismal outcome of this disease*.

The urgent need for biomarkers for the early detection of HCC is widely recognized, and many strategies are
being pursued to achieve this goal. In our previous work, we identified increased levels of core and outer-arm
fucosylation of a large number of serum and liver tissue proteins as being associated with HCC*-® and similar
increases in fucosylation have been seen in other cancers®"’.

In an effort to further understand why these changes in glycosylation occur we have used cultured primary
rat hepatocytes (PRH) to study the consequence of an epithelial to mesenchymal transition (EMT) on N-linked
glycosylation. In addition, we provide evidence that activation of specific cancer-associated pathways associated
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Figure 1. Primary rat hepatocytes undergo an EMT as a function of time in culture. 10X phase contrast
microscopy of PRH at 24 (A) or 96 hours (B) post culture. (C,D) are magnified images highlighting either
typical hepatic architecture with di-nucleated cells and bile canaliculi at the early time point (C) or where this
is lost at the later time point (D). (E) Protein level of E-cadherin (E-Cad), N-cadherin (N-Cad), caveolin-1
(Cav), vimentin (Vim), and alpha smooth muscle actin (a-SMA) a function of time in culture. Proteins were
detected by immunoblot analysis at indicated times post-culture; lane M is the marker lane. Actin is shown as
aloading control. For Fig. 1E, Hep G2 lysates were used as a control as the vimentin and SMA antibodies cross
react with human proteins. Figure 1E contains cropped images highlighting the change in E-cadherin (E-Cad),
N-cadherin (N-Cad), caveolin-1 (Cav), vimentin (Vim), and alpha smooth muscle actin (a-SMA) as a function
of time. Analysis of E-Cad, Cav and Vim were performed on the same membrane and thus under the same
experimental conditions.

with an EMT in PRH can mimic alterations in glycosylation seen in human hepatocellular tumors. Further, we
show that similar changes in glycosylation occur with the degree of de-differentiation of both PRH and human
tumors. These findings suggest a strategy for the study of HCC that has arisen as a result of deregulation of known
cell signaling pathways, and, that increased core fucosylation can be an indicator of the de-differentiation of
hepatocytes observed in HCC.

Results

Alteration in glycosylation of primary rat hepatocytes is associated with de-differentiation and
induction of an epithelial to mesenchymal transition. Our laboratory has worked extensively with pri-
mary rat hepatocytes (PRH) and used this system to study many aspects of hepatitis B virus (HBV) replication'®-22,
PRH, similar to murine hepatocytes, will eventually de-differentiate when kept in culture for extended peri-
0ds**2. This can be seen through the loss of normal hepatocyte cell structure (Fig. 1A-D), loss of E-cadherin
(Fig. 1E) and induction of mesenchymal markers such as N-cadherin, vimentin, and caveolin-1 (Fig. 1E). Figure 1
shows a 10X phase contrast image of PRH at the different time points and highlights the loss of normal hepatic
architecture. That is, as indicated in the arrow in Fig. 1A,C, at the 24 hour time points, PRH maintain hepatic
architecture and bile canaliculi can be imaged by phase contrast microscopy. In contrast, this morphology is
gone by 96 hours and the cells now resemble fibroblasts (Fig. 1B,D). Figure 1E shows the expression of the mes-
enchymal markers N-cadherin, vimentin, and caveolin-1 as a function of time in culture along with the epithelial
marker E-cadherin. As Fig. 1E shows, consistent with the microscopy and what others have seen in murine pri-
mary hepatocytes, PRH in culture will undergo an EMT and de-differentiate”. Importantly, as seen in Fig. 1E, no
expression of alpha smooth muscle actin (a-SMA) was observed in this culture, at any time point. This finding
indicates that no fibroblasts were observed in the culture during isolation and that no stellate cells were present in
the culture that could have potentially differentiated to myofibroblasts over the period of the study?. Additionally,
we have examined the proteins associated with these cells through proteomics at pre and post EMT time points.
These data are shown in Supplementary Figure S1, Supplementary Table 1 and highlight the changes that occur
in these cells. Changes in proteins like fibronectin, N-cadherin, plasminogen, and hemopexin reflect the cellular
alteration that has occurred in these cells and indicate that these hepatocytes have undergone an EMT and have
de-differentiated from their normal hepatocyte state’’-2°. A complete list of proteins associated in the PRH at
time 24 hours and time 96 hours by proteomics is found in Supplemental Table 1. Again, consistent with the data
presented in Fig. 1E, proteins such as a-SMA, connexin 43, Lhx2 (encoding LIM homeobox 2), or Desmin, which
are known markers of stellate cells and myofibroblasts?®, were not observed at any time point, suggesting the lack
of these cell types in the initial culture or their expansion at the later time point. It is also noted that these were
also not seen in an independent RNA-Seq analysis of the PRH?.

Next, we sought to determine whether changes in N-linked glycosylation could be observed in these cells as a
function of time in culture and cell differentiation. Thus we performed N-linked glycan analysis of the cell associ-
ated proteins as a function of time in culture. The N-linked glycans in PRH were analyzed at time 24 or 96 hours
post culture (Fig. 2A). In this method, N-linked glycans are enzymatically released from proteins by treatment
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Figure 2. EMT is associated with alteration in glycosylation in PRH. (A) Normal phase HPLC
chromatogram of PRH associated N-linked glycan at 24 and 96 hours post-culture. (B) The same samples after
treatment with Arthrobacter ureafaciens sialidase to remove sialic acid. The core fucosylated bi-antennary and
tri-antennary glycans that are increased at the 96 hour time point have glucose unit (GU) values of 7.55 and
8.30 and are indicated with an arrow in the 96 hour time point. For panels A and B glucose values are provided
for the major peaks and the GU ladder is provided along the X-axis. Y-axis for these panels represents the
fluorescent intensity of glycan. (C,D) Lectin blot analysis of independently isolated PRH at 24, 48, 72, 96 or

120 hours post culture. 10 pg of total cellular protein was resolved by SDS-PAGE and sialylated protein (C) or
fucosylated protein (D) detected by lectin blotting using the Sambucus nigra lectin (SNA), which binds to o-2,6
and to a lesser degree to a-2,3 linked sialic acid or the fucose binding lectin N224Q rAAL lectin (see Methods).
In panel C, specific bands are shown to be increased are indicated by the asterisk.

with PNGase E labeled with a fluorescent dye, and resolved via ultra high performance liquid chromatography
(HPLC) into discreet chromatographic peaks as has been done previously®*-*2. The chromatographic peaks are
assigned glycan identifications based upon retention times that are converted to glucose units (GU) using a glu-
cose homopolymer standard curve and confirmed via treatment with exoglycosidases®!#**-4!. As shown in Fig. 2,
altered peaks are observed as a function of time in culture and this reflects an alteration in glycosylation. Panel A
shows the HPLC profiles of the samples after treatment with mannosidase and identifies the two peaks altered in
the 96 hour time point to be mono- (GU 8.34) and di-sialyated (GU 9.06) core fucosylated bi-antennary glycan.
Panel B shows the shift of the HPLC profile following sialidase treatment to remove all terminal sialic acid sugars.
In addition to the increase in bi-antennary core fucose (GU 7.55) an increase in core-fucosylated tri-antennary
glycan (GU 8.30) was also observed in the 96 hour time point.

Figure 2 includes an orthogonal conformation of these changes as performed by lectin blotting on separate
samples at 24, 48, 72, 96 and 120 hours post culture. Panel C shows alterations in the sialic acid composition of
the PRH glycoprotein pool using the Sambucus nigra agglutinin lectin (SNA), which binds to «-2,6 and to a lesser
degree to a-2,3 linked sialic acid. Although SNA cannot confirm an increase in di-siaylated structures as shown
in the HPLC profile, it does confirm that consistent changes in the sialic acid composition do occur over time as
shown by the asterisk in Fig. 2C. Panel D shows the increased fucosylation over time using a recombinant Aleuria
aurantia lectin with greater affinity for core fucose glycan, N224Q rAAL* (see Methods). Figure 2C,D are con-
sistent with the HPLC glycan analysis in that sialic acid composition changes and fucosylation increases in the
PRH following time in culture.

To determine whether these changes in fucosylation are accompanied by changes in the enzymes involved in
the fucosylation pathway, we examined the expression level of mRNAs encoding the major enzymes involved in
core fucosylation®®. Results of reverse transcription-PCR (RT-RCR) analysis of mRNA levels in cells at 24 and
96 hours of culture are shown in Fig. 3. Consistent with the alterations in N-linked glycosylation observed by
HPLC glycan sequencing and by lectin blotting, changes in many of the mRNAs associated with core fucosylation
were altered as a function of time in culture. Specifically, the expression of the mRNA encoding GDP-mannose 4,
6-dehydratase (Gmds), the enzyme responsible for the first step of synthesizing GDP-fucose from GDP-mannose,
increased from the 24 hour to 96 hour time point. Similarly, fucosyltransferase 8 (Fut8) mRNA showed a mod-
est increase at the same time points. Alterations in the expression of mRNA encoding one of the GDP-fucose
transporters (Slc35¢1), which is involved in the transport of GDP-fucose was altered in this system as well, while
the related Slc35¢2 mRNA was not. The mRNA that encodes GDP-4-keto-6-deoxy-mannose-3,5-epimerase-
4-reductase (Tstal), the enzyme responsible for the second and third steps of the synthesis reaction, exhibited
no change in expression over this time period. Similarly, no change was observed in the expression of the GDP-
fucose pyrophosphorylase (Fgpt) mRNA. Conformation of alterations in these mRNAs was obtained through
RNA-seq analysis of the entire PRH transcriptome and this work is presented in an independent publication?.

Inhibition of an EMT prevents increases in core fucosylation. To further examine the relationship
between core fucosylation and cellular differentiation, we used a cell culture technique to reverse the process of
de-differentiation. This method utilizes a Matrigel overlay at points in time where de-differentiation has occurred
to force the reversal of de-differentiation. The de-differentiation process can be monitored by measuring levels of
the canonical markers of EMT (as seen in Fig. 1E). By 72-96 hours of culture, increased expression of the EMT
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Figure 3. EMT is associated with alteration in key enzymes involved in fucosylation. (A) Expression

of fucosyltransferase 8 (Fut8), GDP-mannose 4, 6-dehydratase (Gmds), GDP-fucose transporters (Slc35c1
and Slc35¢2), GDP-4-keto-6-deoxy-mannose-3,5-epimerase-4-reductase (Tstal), and GDP- fucose
pyrophosphorylase (Fgpt) were examined by reverse transcriptase PCR (RT-PCR) in this study. RNA analysis
was performed on triplicate samples. (B) Quantification of the genes analyzed in panel A. The asterisks
represent statistical significance (p < 0.05). For space concerns, Fig. 3A contains cropped images showing the
PCR product of the different genes.

markers caveolin-1 and vimentin were observed (Fig. 4A,B). In contrast, application of the Matrigel overlay led to
reduced expression of these EMT markers, indicative of a suppression of EMT (compare the 96 to 96M and 122
and 122M lanes). Importantly, under these culture conditions, reduced levels of fucosylation are observed in the
same time frame, as shown by lectin blotting using the N224Q rAAL (Fig. 4C) and by N-linked glycan analysis
(Fig. 4D,E). In Fig. 4D the 96 and 120 time points without the matrigel overlay (96 and 120) show a higher level
of core fucosylated bi-antennary glycan (GU 7.52) as compared to the 96 and 120 time points with the matrigel
overlay (96M and 120M). Overall, these results demonstrate that reductions in fucosylation correlate with the
reduction of markers of EMT.

Increased fucosylation in poorly differentiated HCC tissue. Because increased levels of core fuco-
sylation were associated with an EMT and de-differentiation in the PRH cell culture model, it was of interest
to determine if a similar observation could be made in human HCC tissue. Thus, we examined HCC tissue
microarrays (TMA) that include tissue from patients with varying grades of liver cancer. In total, we examined 16
HCC tissues with matching adjacent non-disease tissue (see Table 1). Eleven of these contained grade I-II tumor
tissue (defined as well-differentiated or moderately-differentiated tissue) and 5 contained grade II-III tumor tis-
sue (defined as poorly differentiated). The level of fucosylation was analyzed by lectin histochemistry using the
N224Q rAAL that has enhanced affinity for core fucosylated glycan as opposed to other fucose linkages*2. In our
analysis, only 2 out of the 11 grade I-II tumors stained positive with the N224Q rAAL. In contrast, 4 out of 5 of the
grade II-IIT tumors stained positive with the N224Q rAAL. Whereas hepatocytes in normal adjacent tissue do not
stain with the fucose binding lectin, the hepatocytes in HCC tissue does stain, and the level of staining correlates
with the tumor grade (Fig. 5). That is, while the well-differentiated tissue has little or no staining, greater levels of
lectin staining are observed with the loss of cellular differentiation, with the greatest staining observed in tissue
that is poorly differentiated (Table 1). (All HCC tissues that are part of the TMA are presented in Supplementary
Figures S2 and S3.)

Activation of the 3-catenin signaling pathway leads to increases sialylation and fucosylation of
PRH proteins. An independent RNA-Seq analysis of PRH had identified increased expression of 3-catenin
and AKT1 at time points associated with an EMT?2. As the (3-catenin pathway is associated with EMT and is a
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Figure 4. Inhibition of EMT prevents increased levels of fucosylation. PRH were grown in culture for
60hours when the process of de-differentiation had begun. At 60 hours, Matrigel was layered on top of the
PRH to inhibit the process of de-differentiation. Cells were lysed at the indicated time points and analyzed
by immunoblotting to detect (A) Caveolin-1 or (B) Vimentin. (C) Lectin blot using N224Q rAAL to detect
fucosylated proteins in lysates from cells prepared as in panels (A,B). (D) N-linked glycan analysis of PRH
lysates after 96 and 120 hours of culture without (left) or with (right) Matrigel overlay. The arrows indicate
fucosylated glycan peaks that are altered at GU values 7.52 and 8.84. For panel D, glucose values are provided
for the major peaks and the GU ladder is provided along the X-axis. Y-axis for these panels represents the
fluorescent intensity of glycan. (E) Levels of core fucosylated bi-antennary glycan at the specific times points
either without or with Matrigel overlay. In Fig. 4E, the asterisks represent statistical difference (p < 0.05) in
samples. For space concerns, Fig. 4A contains cropped images showing the change in Cav or Vim. Analysis of
Cav and Vim were performed on the same membrane and thus under the same experimental conditions.
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Level of hepatocyte
HCC Sample! Grade (I-1V)? | Stage (1, 2, 3, 4)* Age* (years) Gender® staining®
1 I-1I 2 52 M +
2 I-1I 2 40 M +
3 I-1I 2 61 M +
4 I-1I 3 43 M +
5 11 2 40 M ++
6 I 2 39 M +
7 11 2 47 M +
8 I 1 52 F +++
9 11 2 41 M +
10 1I 3 41 M +
11 1I 3 57 M +
12 II-111 2 36 M ++
13 II-1IT 2 46 F ++
14 I 2 33 M ++++
15 111 2 65 M +
16 I 2 68 M ++++
Adjacent normal tissue’ NA NA 47.56 (SD: 10.56) NA +

Table 1. Lectin staining of tissue micro-array with the N224Q AAL lectin. "HCC samples from 16 patients
were provided in duplicate on the tissue microarray. Each individual with HCC also had adjacent normal tissue
on the array. Thus, a total of 48 samples from 16 individuals were provided. *The grade of tumor was provided
for each sample. Grade I, well differentiated tissue; Grade II, moderately differentiated tissue; Grade III, poorly
differentiated tissue; Grade IV, un-differentiated tissue. "HCC was classified using the TNM classification
system. Briefly, T1 = Solitary tumor without vascular invasion; T2 = Solitary tumor with vascular invasion

or multiple tumors none larger than 5 cm; T3 - Multiple tumors more than 5 cm, or tumor involving a major
branch of the portal or hepatic vein(s); T4 - Tumor(s) with direct invasion of adjacent organs other than the
gallbladder or with perforation of visceral peritoneum. *Age of individual. *Gender of sample. M, Male; F,
female. ®Level of tissue staining with the N224Q rAAL lectin, which has enhanced staining of core fucosylated
glycan (see Methods). The level of staining was qualitative as determined by blinded analysis of samples and
judgment of staining from: no staining (—); mild staining of hepatocytes (4 ); moderate staining of hepatocytes
(4++); moderate to strong staining of hepatocytes (+++); very strong staining of hepatocytes (++++).

All staining was performed in duplicate and compared with the level of hepatocyte staining observed in the
matching adjacent normal tissue. Data for each tissue spot is shown in Supplementary Figures S2 and S3. ’Each
HCC sample had an adjacent normal tissue provided. Staining was observed in the sinusoids. The mean age of
all patients with the standard deviation are provided.

modification often found in HCC®#%” we next attempted to determine what effect direct activation of 3-catenin has
on the glycosylation of PRH and examined them at a time point before the intrinsic EMT was observed (see Fig. 1).
To that end, we used lithium chloride (LiCl) to activate this pathway in PRH and examined the glycosylation at 24
and 48 hours after treatment. Exposure of cells to LiCl leads to the phosphorylation and inactivation of glycogen
synthase kinase 33 (GSK3), thus preventing GSK3(3-mediated phosphorylation and destabilization of 3-catenin
and increasing 3-catenin signaling*®. We first confirmed that LiCl treatment increases levels of the inactivating
phosphorylation of GSK3( at serine-9 in PRH. As expected, immunoblotting of proteins isolated from PRH after
24 or 48 hours of treatment with LiCl showed elevated phosphorylation of GSK3( at serine-9 with no overall
increase in GSK3p levels (Fig. 6A).

The N-linked glycan profile associated with lysates prepared from PRH either left untreated or treated with
LiCl for 48 hours was analyzed (Fig. 6B-G). The released N-linked glycans were labeled with a fluorescent dye
(2AB) and analyzed by normal phase HPLC as before. Samples were subsequently digested by sequential exogly-
cosidase treatment to identify glycan structures present in each peak as described in Fig. 2. At least two peaks
indicate altered glycans in cells treated with LiCl as compared to the untreated controls (NT), and these have been
identified as a di-sialylated biantennary glycan (GU 8.83) and a core fucosylated bi-antennary glycan (GU 7.55).
While these changes are subtle, they have been consistently observed with independent batches of PRH (n=4).
In addition, all treatments and analysis (for each batch) were performed in duplicate. The level of the di-sialylated
peak increased from 18% (+£1.6) in the untreated control to 26% (£2.9%) in the LiCl treated sample (Fig. 6H).
The level of core fucosylation (as found on the biantennary glycan) increased from 0.6% (£0.2) to 2.6% (=£0.8)
(Fig. 61). In both cases, the difference is statistically significant (p < 0.05).

Confirmation of the HPLC analysis of N-linked glycans was obtained by lectin blotting. Lysates from a
separate set of PRH, treated as before, were resolved by SDS-PAGE and analyzed by lectin blotting (Fig. 6],K).
Sialylated glycoproteins were detected using the SNA lectin as in Fig. 2 and potential alteration in fucosylation
was determined using the recombinant N224Q rAAL (see Methods) (Fig. 6K). In agreement with the HPLC
glycan analysis, increased levels of sialylation and fucosylation can be observed via lectin blotting following acti-
vation of the 3-catenin pathway.
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Figure 5. Increased fucosylation is observed with de-differentiated HCC by lectin staining with the N224Q
AALlectin. Lectin histochemistry to detect fucosylated proteins was performed using the N224Q lectin on
either normal (A,D) or HCC tissue (B,E) and (C,F). (A) 4X microscopy of four tissue spots of tumor-adjacent
normal tissue. (B) 4X microscopy of four tissue spots of Grade I-II or II HCC tissue. Grade I is defined as
well-differentiated (low grade) and Grade II is defined as moderately differentiated (intermediate grade).

(C) 4X microscopy of four tissue spots of Grade II-III or Grade III HCC tissue. Grade III is defined as poorly
differentiated tissue. (D) Microscopy of normal, tumor-adjacent tissue. (E) grade I-II HCC tissue, (F) grade III
HCC tissue showing both a 4X image and a 10X image. In all cases lectin staining was performed using N224Q
rAAL.

Activation of the Akt signaling pathway or elevation of HIF1-a also leads to alterations in
protein glycosylation. As activation of the 3-catenin pathway lead to increases in core fucosylation and
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Figure 6. Changes in glycosylation with LiCl-induced activation of 3- catenin detected by normal phase
HPLC and lectin blotting. (A) Confirmation of LiCl effects in primary rat hepatocytes. Cells treated with LiCl
for 24 or 48 hours. Phospho-GSK3p levels were analyzed by immunoblot. (B-G) Glycans were released from
proteins from PRH left untreated (NT-48) or treated with LiCl for 48 hours (LiCl-48) and analyzed by normal
phase HPLC as described in the text. (B,C) N-linked glycan profiles from untreated and LiCl treated cells. An
altered glycan peak in LiCl-treated cells is indicated (arrow). (D,E) Samples further digested with Arthrobacter
ureafaciens sialidase. An increased level of core fucosylation at GU7.55 in LiCl-treated cells is indicated (arrow).
(E,G) Bovine kidney fucosidase treatment shifts this peak, indicating that it represents core fucosylation. For
panels B-G, glucose values are provided for the major peaks and the GU ladder is provided along the X-axis.
Y-axis for these panels represents the fluorescent intensity of glycan. (H,I) Quantification of the alteration in
sialylation (H) and fucosylation (I) following LiCl treatment. (J,K) Lectin blot analysis of independently isolated
PRH, left untreated or LiCl-treated for 48 hours. 10 ug of total cellular protein was resolved by SDS-PAGE and
sialylated protein (J) or fucosylated protein (K) was detected by lectin blotting. Sialylated proteins were detected
using the Sambucus nigra lectin (SNA), which binds to a-2,6 and to a lesser degree to «-2,3 linked sialic acid.
(K) Increases in fucosylation were detected using the core fucose binding lectin N224Q rAAL (see Methods).
HepG2 hepatoblastoma cells serve as a positive control (+). For ] and K: M is marker lane, + is HepG2 control,
U is untreated, and LiCl is treated. Molecular weight markers sizes are shown to the left of the gel. For space
concerns, Fig. 6A contains cropped images showing the change in Phospho-GSK3( levels.

sialylation, we next examined whether changes in glycosylation could be observed by exposing PRH to conditions
that activate additional cancer-associated signaling pathways. One pathway of interest was the AKT pathway, as
the AKT1 gene was also up regulated in PRH as a function of time in culture?. Thus, in experiments similar to
those described above, PRH were transfected with pMyrAktl or pMyrAkt2, which express myristolated forms
of Akt 1 and 2 (see Methods), leading to constitutive Akt activation. In addition, PRH were treated with 1 mM
dimethyloxalylglycine (DMOG) to elevate hypoxia inducible factor 1 (HIF-1a) expression, which has also been
shown to induce an EMT in hepatocytes®.

Phosphorylated Ser 9-GSK-3( and increased levels of 3-catenin were associated with myrAkt1 and 2 expres-
sion (Fig. 7A) and exposure of PRH to DMOG caused the expected elevation of HIF1« (Fig. 7B). Phosphorylation
of Akt at Ser 473, an indicator of active Akt, was detected with an Akt-phospho-Ser473-specific antibody. Overall,
these studies confirm that our treatments effectively regulate cancer-associated cellular signal-transduction path-
ways as intended.

The changes in N-linked glycosylation observed in the DMOG-treated PRH and the myrAktl and 2
expressing PRH were similar to those observed in the LiCl-treated cells. Increased levels of sialylation, in the
form of a di-sialylated bi-antennary glycan, were apparent after 48 hours of exposure to DMOG (Panel D, GU
8.83) or 48 hours after transfection with pMyrAktl (Panel E, GU 8.83). Activation of the 3-catenin pathway
increased the level of the di-sialylated peak from 16% (+3.6) in the untreated control cells to 29% (£3.3%) in
the DMOG-treated sample and 28% (=£5.1) in the myrAkt1-expressing sample (Fig. 7). These differences are
statistically significant (p < 0.05). The level of bi-antennary core fucosylation (Fig. 7F-H, GU 7.54) increased
from 3.3% (£1.7) in the untreated sample to 6.7% (£1.8) in the DMOG-treated sample and 7.1% (4-3.4%) in the
myrAktl-expressing sample (Fig. 7]). Again, these differences are statistically significant (p < 0.05). Increases in
core fucosylation could be prevented by use of the Akt inhibitor LY294002 suggesting a key role for Akt in the
production of core fucosylated glycan (data not shown).
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Figure 7. Changes in N-linked glycosylation can be observed with activation of AKT and HIF-1 o.. PRH
were transfected with a control plasmid (pcDNA) or with pMyrAktl or pMyrAkt2, to express myristolated Aktl
or 2. 48 hours post-transfection, levels of total Akt, phospho-Akt, phospho-GSK30, and (3-catenin were assessed
by immunoblotting. (B) Cells were left untreated or treated for 24 or 48 hours with 1 mM dimethyloxalylglycine
(DMOG) to elevate HIF1cu. Cell lysates were analyzed by immunoblotting to detect HIF1c. In panels A and

B, Actin is detected as a loading control. (C-H) Glycans were released from proteins from PRH left untreated
(NT-48), treated with DMOG for 48 hrs (DMOG-48), or transfected with pMyrAkt1 for 48 hours and analyzed
by normal phase HPLC as described. (C-E) N-linked glycan profiles from untreated, DMOG treated, or
pMyrAktl transfected cells. (F-H) Samples were further digested with Arthrobacter ureafaciens sialidase. A
peak showing increased levels of core fucosylation (GU 7.55) in DMOG treated cells and pMyrAkt1 transfected
cells is indicated by an arrow. For panels C-H, glucose values are provided for the major peaks and the GU
ladder is provided along the X-axis. Y-axis for these panels represents the fluorescent intensity of glycan.

(L)) Quantification of the alteration in sialylation (I) and fucosylation (J) following DMOG treatment or AKT
induction. For space concerns, Fig. 7A contains cropped images.

These results indicate that activation of specific cancer-associated pathways in PRH leads to changes in fuco-
sylation and sialyation that are similar to those observed in human HCC samples®, supporting the use of PRH to
model specific, known pathways in human HCC progression.

Discussion

Alterations in N-linked glycosylation have been associated with the development of cancer. One specific modifica-
tion, core fucosylation, has been observed in non-small cell lung carcinoma (NSCLC), ovarian cancer, and colon
cancer and is used clinically in the diagnosis of hepatocellular carcinoma (HCC) in the form of the AFP-L3 assay>*->°.
However, why core fucosylation is increased in many of these conditions is unclear. In this study, we show that
increased core fucosylation was directly associated with de-differentiation of hepatocytes and the appearance of
markers of a transition of cells from an epithelial to a mesenchymal state. This finding is similar to that previously
reported for NSCLC where increases were observed in the expression fucosyltransferase 8 (FUT-8), the enzyme
that mediates core fucosylation®!. Additionally, recent reports have indicated that both sialylation and fucosyla-
tion are involved in EMT®*% and in liver regeneration®®. In the case of sialylation, it was shown alpha 2,6 linked
sialylation is increased dramatically following TGF-Beta -induced EMT. In addition, the inhibition of alpha 2,6
linked sialylation inhibited EMT, while the induction of alpha 2,6 linked sialylation promoted EMT>*. Previous
work has also shown that core fucosylation is required for proper TGF receptor activation as mice that lack FUT-8
have a severe dysreguation of TFG signalling®’. Furthermore, a recent study showed that mice up-regulated
FUT-8 following a partial hepatectomy and importantly, mice that lack FUT-8 were unable to regenerate the liver
following a partial hepatectomy®®. Our results are consistent with this and suggest a model where fucosylation is
increased, and most likely required for a proper EMT.

In addition, we show that the activation of specific cancer-associated cellular signaling pathways can increase
core fucosylation and induce additional glycoform alterations on hepatocyte proteins. Specifically, we were able
to determine that increased levels of protein sialylation and a-1,6 linked core fucosylation are observed follow-
ing activation of the 3-catenin pathway. Activation of the Akt pathway or elevation of HIF-1a also resulted in
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increased levels of fucosylation and to a greater extent, sialylation. The singular activation of these cancer associ-
ated pathways lead to more moderate changes in glycosylation as compared to the intrinsic EMT but are consist-
ent with what others have observed following activation of individual cancer pathways.

The core fucosylated form of AFP, referred to as AFP-L3, has been used for a number of years as a prognos-
tic biomarker of HCC. AFP-L3 has been shown to be associated with more aggressive disease with worse out-
come®>*-62 Our observation that core fucosylation is associated with hepatocyte de-differentiation may explain
this correlation, since it is well accepted that less differentiated cancers are more aggressive and associated with
poor outcome**. Thus, if core fucosylation is a marker of de-differentiation, it could be used as a marker of a spe-
cific tumor type and have clinical value.

In conclusion, we show that increased core fucosylation, a modification of N-linked glycoproteins associated
with HCC, is associated with the process of cellular de-differentiation in PRH. We believe that this knowledge will
help to use this glycan modification in a clinically meaningful way.

Methods

Isolation and culture of primary rat hepatocytes. Surgery and isolation of hepatocytes
from rats were approved by the Institutional Animal Care and Use Committee of the Drexel University
College of Medicine (Protocol # 20057) and complied with the Animal Welfare Act, the Public Health
Service Policy on Humane Care and Use of Laboratory Animals, and the NIH Guide for the Care and
Use of Laboratory Animals (2011). Primary rat hepatocytes (PRH) were isolated using a 2-step perfu-
sion method as previously described®. The PRH were plated on collagen-coated tissue culture plates
at approximately 2.0 x 10° cells per 60 mm plate (~80% confluent) in Williams E medium supple-
mented with 2.0 mM L-glutamine, 1.0 mM sodium pyruvate, 4.0 pg/ml Insulin/Transferrin/Selenium
(ITS), 5.0 pg/ml hydrocortisone, 5.0 ng/ml epidermal growth factor (EGF), 10 pg/ml gentamycin,
and 2% dimethyl sulfoxide (DMSO) and maintained at 37°C in 5% CO, as previously described?'. Animal surgery
and hepatocyte isolation complied with all relevant federal and institutional policies. For all data shown, experi-
mental and statistical analyses were performed on independent PRH batches (n =4).

N-linked glycan analysis. Cells were lysed in 0.5 X Radioimmunoprecipitation assay buffer (RIPA; Thermo
Scientific) using procedures reported elsewhere®. 250 g of protein was brought to a volume 45 ul (in 1X PBS)
and boiled for five minutes. After cooling, 2.5l of NP-40 (10%) was added followed by the addition of 30 U
PNGase F PRIME (Bulldog Bio, Portmouth, NH) and incubated overnight at 37 °C. Glycans were purified using
HyperSep Hypercarb porous graphite carbon columns (Thermo Fisher Scientific Inc., Philadelphia, PA). Eluted
glycans were fluorescently labeled using 2-aminobenzamide using methods previously reported?. The glycans
were further purified with paper chromatography and filtered using a 0.22 jum syringe filter. Fluorescently labeled
glycans were subsequently analyzed using the Waters Alliance high-performance liquid chromatography system
with a normal phase column (TSK amide 80 columns) complemented with a Waters fluorescence detector and
quantified using the Millennium Chromatography Manager (Waters Corporation, Milford, MA) as has been done
previously by us and others. Further description of the methods, column diameter, length, packing and particle
size of column can be found elsewhere®330-333738:4164-67 Glycan structures were identified by calculating the glu-
cose unit value and exoglycosidase digestion, as described previously'*%.

Immunoblotting. 20pg of protein lysate from PRH were resolved SDS-PAGE on 4-20% polyacrylamide
gradient gels, transferred to polyvinylidene difluoride (Millipore) membranes, and blocked with 5% powdered
milk in 0.1% Tween20-PBS at room temperature for one hour. After incubation with primary antibody ata 1 to
1,000 dilution in LI-COR blocking buffer (Cat #927-40000) for 2hours at room temperature, the blot was washed
three times with 0.1% Tween20-PBS for 10 minutes/each wash. All antibodies (rabbit polyclonal N-cadherin
(ab18203), vimentin (ab92547), caveolin-1 (ab18199), and alpha smooth muscle Actin antibody (ab5694)) were
from Abcam (Cambridge, MA). The membrane was incubated with secondary antibody (IR-800 conjugated don-
key anti-rabbit IgG from LI-COR, Lincoln Nebraska) at a 1 to 10,000 dilution in Carbo-Free blocking buffer
(Vector Labs, Burlington, CA, Cat#Sp-5040) for 1hour at room temperature. Blots were washed 3 times with
0.1% Tween20-PBS and imaged using the Odyssey® Infrared Imaging System (LI-COR). In the case of lectin
blotting, fucosylation was detected using a recombinant N224Q rAAL lectin. This is a recombinant AAL lectin
that has been modified to increase binding to core fucosylated glycan*2. For sialic acid detection, we used com-
mercially purchased Sambucus nigra lectin (SNA, Vector Labs, Cat #B-1305), which binds preferentially to sialic
acid attached to terminal galactose in «-2,6 and to a lesser degree, a-2,3 linkage. In all cases, biotinylated lectin
was used and bound lectin detected using streptavidin conjugated IR800 dye.

Reverse transcriptase PCR of primary rat hepatocyte genes. Briefly, PRH were grown for the
indicated length of time and the total RN was extracted from primary rat hepatocytes using Trizol reagent
(Invitrogen). Two fold dilutions of the RNA was performed with respective primer pairs to determine the min-
imum amount of RNA necessary for amplification (Supplementary Figure/Data not shown). Based on this esti-
mate, 250 ng of RNA was reverse transcribed using reagents from the One step RT-PCR kit (Qiagen) in a final
volume of 20ul. Samples were assayed in triplicates and the obtained results were normalized against control
18SrRNA. The primer pairs used were designed using primer blast and were as follows: 18S ribosomal RNA:
Forward (F), AAA CGG CTA CCA CAT CCA AG; Reverse (R), GAG CTG GAA TTA CCG CGG CT. Rat Alpha
(1,6) fucosyltransferase, F-FACG CAC AGA CAA AGT GGG AA; R-TCA CGC CCC GAA GTG AAT TT. Rat
GDP-mannose 4, 6-dehydratase (Gmds), F-AGC CGG TCA GTA GCT AAG A; R-CTA TGA CAA AGT CCT
CCG GC. Rat GDP-fucosetransporter (Slc35¢c1), F-GGT GAT CTG ATC CCT GCC G; R-GGG AGA AGG GGC
CTA ACT AA. Rat GDP-fucosetransporter (Slc35¢2), F-TCC TTC TCC ACA GCA CAA TG; R-AAC TGG TAG
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TCT CCA GAA GAT GG. Rat GDP-4-keto-6- deoxy-mannose-3, 5-epimerase-4-reductase (Tstal), F-CAT CGC
AGG TGA GAC TTA CA; R-TGC ACG TTC TTC CTC CAG AA. Rat GDP- fucose pyrophosphorylase (Fpgt),
F-TAC AGT CAA CGC CTT CCC AA; R-AGG CTG GTC AAA GGC AAT GT.

Tissue micro array and lectin histochemistry. Formalin-fixed paraffin embedded tissue microarray
(FFPE-TMA) slides (Catalog No.: Z7020059, Lot No.: B506168) were purchased from Biochain, Inc. (Newark,
CA). This array consisted of 16 cases of liver cancer, each in duplicate, with corresponding uninvolved tissue
from the same patient acting as controls. All the tissues were from surgical resection. Patients had a mean age
of 47.56 years (range of 33-68 years) with an 8:1 ratio of males to females. Samples were from patients with
multiple etiologies of liver disease and were classified using the TNM classification system. Briefly, T1 = Solitary
tumor without vascular invasion; T2 = Solitary tumor with vascular invasion or multiple tumors none larger than
5cm; T3 - Multiple tumors more than 5cm, or tumor involving a major branch of the portal or hepatic vein(s);
T4 - Tumor(s) with direct invasion of adjacent organs other than the gallbladder or with perforation of visceral
peritoneum. Tissue slides were deparaffinized by using PROTOCOL SafeClear II clearing agent (Fisher Scientific,
Pittsburg, PA), followed by rehydration though a series of graded ethanol. Lectin histochemistry was performed at
room temperature, unless otherwise indicated. Endogenous peroxidase activity was blocked using 3% hydrogen
peroxide (H,0,), followed by heat-mediated antigen retrieval using Universal Antigen Retrieval Reagent (R&D
Systems, Minneapolis, MN). Tissues were fixed with 4% formaldehyde solution followed by permeabilization with
0.5% IGEPAL. Prior to staining, FFPE-TMAs were blocked using serum-free Dako Protein Block (Carpinteria,
CA). Following the blocking step, the detection of fucosylation was conducted using biotinylated recombinant
N224Q rAAL lectin, diluted in Dako High Background Reducing Diluent solution (Carpinteria, CA) to make the
working final concentration of 500 ng/mL. Bound, biotinylated lectin was detected using streptavidin horseradish
peroxidase (Vector Laboratory, Burlingame, CA), and color was developed using 3,3’-diaminobenzidine (DAB)
Chromogen (Dako, Carpinteria, CA). TMAs were counterstained with Harris-modified hematoxylin (Sigma
Aldrich, St. Louis, MO). Slides were visualized using an E200 Binocular Compound Biological Microscope
from Nikon Instrument (Melville, NY) and an IX71 Inverted Microscope from Olympus Imaging America, Inc.
(Center Valley, PA).

Matrigel overlay. PRH were plated in 60 mm plates as described above. One set of cells was overlaid with
Matrigel (BD Biosciences) 60 hours after plating as described previously®. Briefly, Matrigel was diluted 1:3 in the
PRH growth medium, and 250 pl of the diluted Matrigel was overlaid on the culture dishes that contained 750 1l
of the growth medium. For the control set of primary hepatocytes, the medium was changed at a time coin-
ciding with the Matrigel overlay. The Matrigel-overlaid cells were collected by washing 3 times with cold PBS,
followed by incubation with 200 pl of Dispase (Corning® Matrigel®™ Basement Membrane Matrix Dispase)
at 37°C. Subsequently, the cells removed and spun down at 2000 rpm for 5 min. The supernatant was removed
and the cells were washed with PBS and spun down again at 2000 rpm for 5min. The washing step was repeated
three times and the cell pellet was lysed in 0.5 X RIPA before as described above. We have attempted to perform
N-linked glycan analysis on the last wash step of the cells but no glycan could be detected (data not shown).

Activation of cancer-associated signal transduction pathways in PRH. (3-catenin was activated
by LiCl-mediated inhibition of GSK-33°! immediately after plating. Activation of the Wnt/3-catenin pathway
was determined by assessing accumulation of 3-catenin in treated cells, an indicator of active 3-catenin. The
hepatocytes were transfected 24 hours after plating with plasmids expressing forms of Aktl and Akt2 that become
myristoylated, which targets these proteins to the plasma membrane and causes their constitutive activation”.
PRH were transfected with Lipofectamine 2000, according to the manufacturer’s instructions. These plasmids
were constructed by William Sellers and purchased from Addgene (Cambridge, MA). The plasmid pMyrAktl
(Addgene plasmid #9008) was used to generate myrAktl and the plasmid pMyrAkt2 (Addgene plasmid #9016)
was used to generate myrAkt2. Cells transfected with pMyrAktl or pMyrAkt2 were collected at specific time
points after transfection by washing with ice cold phosphate-buffered saline (PBS) followed by scraping the
cells in PBS. The cells were collected by centrifugation and then used for immunoblot analysis or fucosylation
studies. For immunoblot analysis, the cell pellet was lysed in 0.8% sodium dodecyl sulfate (SDS) buffer (0.8%
SDS, 240 mM Tris (pH6.8), 10% glycerol), total protein was quantified, and equal amounts of total protein
were loaded for analysis by SDS polyacrylamide gel electrophoresis (PAGE). Phospho-Akt, Akt, 3-catenin, and
phospho-GSK30 antibodies were purchased from Cell Signaling Technology, Inc. (Boston, MA); the 3-actin anti-
body was purchased from Sigma-Aldrich (St. Louis, MO).

For induction of hypoxia inducible factor 1o (HIF-1cv), cells were exposed to 1 mM of the prolyl-4-hydroxylase
inhibitor, dimethyloxalylglycine (DMOG), which elevates HIF-1q, mimicking effects associated with hypoxia”.
Treatment with 1 mM DMOG was started 24 hours after plating. Cells were treated with DMOG for the indicated
time periods and then collected. Cells were washed with ice-cold PBS and collected by centrifugation. Cell pellets
were used for fucosylation studies or for immunoblot analysis as described above; the anti-HIF-1a was purchased
from Santa Cruz Biotechnology (Santa Cruz Biotechnology, Dallas, TX).

Statistics. In all relevant cases, results are given as the mean with the standard deviation from the mean.
Comparisons between times and treatments were carried out using 2-tailed Mann-Whitney tests. A p value of
less than 0.05 was considered significant. All data were analyzed using Graphpad Prism 5.0 (GraphPad Software
Inc., LaJolla, CA).

SCIENTIFICREPORTS | 6:27965 | DOI: 10.1038/srep27965 11



www.nature.com/scientificreports/

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Altekruse, S. F, McGlynn, K. A. & Reichman, M. E. Hepatocellular carcinoma incidence, mortality, and survival trends in the United
States from 1975 to 2005. J Clin Oncol 27, 1485-1491, doi: JC0.2008.20.7753 (2009).

Mehta, A., Herrera, H. & Block, T. Glycosylation and liver cancer. Adv Cancer Res 126, 257-279, doi: 10.1016/bs.acr.2014.11.005
(2015).

Di Bisceglie, A. M., Carithers, R. L. Jr. & Gores, G. J. Hepatocellular carcinoma. Hepatology (Baltimore, Md 28, 1161-1165
(1998).

. Fevery, ]. Non-surgical treatment of hepatocellular carcinoma (HCC). Acta Gastroenterol Belg 63, 233-235 (2000).
. Block, T. M. et al. Use of targeted glycoproteomics to identify serum glycoproteins that correlate with liver cancer in woodchucks

and humans. Proceedings of the National Academy of Sciences of the United States of America 102, 779-784, doi: 10.1073/
pnas.0408928102 (2005).

. Comunale, M. A. et al. Linkage Specific Fucosylation of Alpha-1-Antitrypsin in Liver Cirrhosis and Cancer Patients: Implications

for a Biomarker of Hepatocellular Carcinoma. PLoS ONE 5, 12419 (2010).

. Comunale, M. A. et al. Proteomic analysis of serum associated fucosylated glycoproteins in the development of primary

hepatocellular carcinoma. Journal of Proteome Research 5, 308-315, doi: 10.1021/pr050328x (2006).

. Comunale, M. A. et al. Identification and development of fucosylated glycoproteins as biomarkers of primary hepatocellular

carcinoma. Journal of Proteome Research 8, 595-602, doi: 10.1021/pr800752¢ (2009).

. Terao, N. et al. Fucosylation is a common glycosylation type in pancreatic cancer stem cell-like phenotypes. World J Gastroenterol

21, 3876-3887, doi: 10.3748/wjg.v21.i113.3876 (2015).

Desiderio, V. et al. Increased fucosylation has a pivotal role in invasive and metastatic properties of head and neck cancer stem cells.
Oncotarget 6, 71-84 (2015).

Zhu, J. et al. Analysis of serum haptoglobin fucosylation in hepatocellular carcinoma and liver cirrhosis of different etiologies.
J Proteome Res 13, 2986-2997, doi: 10.1021/pr500128t (2014).

Kim, H. J. et al. Aberrant sialylation and fucosylation of intracellular proteins in cervical tissue are critical markers of cervical
carcinogenesis. Oncol Rep 31, 1417-1422, doi: 10.3892/0r.2013.2938 (2014).

Miyoshi, E. et al. Fucosylation is a promising target for cancer diagnosis and therapy. Biomolecules 2, 34-45, doi: 10.3390/
biom2010034 (2012).

Saldova, R,, Fan, Y,, Fitzpatrick, J. M., Watson, R. W. & Rudd, P. M. Core fucosylation and alpha2-3 sialylation in serum N-glycome
is significantly increased in prostate cancer comparing to benign prostate hyperplasia. Glycobiology 21, 195-205, doi: 10.1093/
glycob/cwq147 (2011).

Osumi, D. et al. Core fucosylation of E-cadherin enhances cell-cell adhesion in human colon carcinoma WiDr cells. Cancer Sci 100,
888-895, doi: 10.1111/j.1349-7006.2009.01125.x (2009).

Shah, M., Telang, S., Raval, G., Shah, P. & Patel, P. S. Serum fucosylation changes in oral cancer and oral precancerous conditions:
alpha-L-fucosidase as a marker. Cancer 113, 336-346, doi: 10.1002/cncr.23556 (2008).

Okuyama, N. et al. Fucosylated haptoglobin is a novel marker for pancreatic cancer: a detailed analysis of the oligosaccharide
structure and a possible mechanism for fucosylation. Int ] Cancer 118, 2803-2808, doi: 10.1002/ijc.21728 (2006).

Rawat, S. & Bouchard, M. J. The hepatitis B virus (HBV) HBx protein activates AKT to simultaneously regulate HBV replication and
hepatocyte survival. Journal of virology 89, 999-1012, doi: 10.1128/JV1.02440-14 (2015).

Rawat, S., Clippinger, A. J. & Bouchard, M. J. Modulation of apoptotic signaling by the hepatitis B virus X protein. Viruses 4,
2945-2972, doi: 10.3390/v4112945 (2012).

Gearhart, T. L. & Bouchard, M. J. The hepatitis B virus X protein modulates hepatocyte proliferation pathways to stimulate viral
replication. Journal of virology 84, 2675-2686, doi: 10.1128/JV1.02196-09 (2010).

Clippinger, A. J., Gearhart, T. L. & Bouchard, M. J. Hepatitis B virus X protein modulates apoptosis in primary rat hepatocytes by
regulating both NF-kappaB and the mitochondrial permeability transition pore. Journal of virology 83, 4718-4731, doi: 10.1128/
JV1.02590-08 (2009).

Lamontagne, J., Mell, J. C. & Bouchard, M. J. Transcriptome-Wide Analysis of Hepatitis B Virus-Mediated Changes to Normal
Hepatocyte Gene Expression. PLoS Pathog 12, 1005438, doi: 10.1371/journal.ppat.1005438 (2016).

Meyer, C. et al. Distinct dedifferentiation processes affect caveolin-1 expression in hepatocytes. Cell Commun Signal 11, 6,
doi: 10.1186/1478-811X-11-6 (2013).

Pagan, R., Martin, I, Llobera, M. & Vilaro, S. Growth and differentiation factors inhibit the migratory phenotype of cultured
neonatal rat hepatocytes induced by HGF/SE. Exp Cell Res 235, 170-179, doi: 10.1006/excr.1997.3698 (1997).

Pagan, R., Martin, I, Alonso, A., Llobera, M. & Vilaro, S. Vimentin filaments follow the preexisting cytokeratin network during
epithelial-mesenchymal transition of cultured neonatal rat hepatocytes. Exp Cell Res 222, 333-344 (1996).

Mederacke, 1., Dapito, D. H., Affo, S., Uchinami, H. & Schwabe, R. F. High-yield and high-purity isolation of hepatic stellate cells
from normal and fibrotic mouse livers. Nat Protoc 10, 305-315, doi: 10.1038/nprot.2015.017 (2015).

Wynn, T. A. & Ramalingam, T. R. Mechanisms of fibrosis: therapeutic translation for fibrotic disease. Nature medicine 18,
1028-1040, doi: 10.1038/nm.2807 (2012).

Pagan, R. et al. Effects of growth and differentiation factors on the epithelial-mesenchymal transition in cultured neonatal rat
hepatocytes. Journal of hepatology 31, 895-904 (1999).

Pagan, R, Martin, I, Llobera, M. & Vilaro, S. Epithelial-mesenchymal transition of cultured rat neonatal hepatocytes is differentially
regulated in response to epidermal growth factor and dimethyl sulfoxide. Hepatology (Baltimore, Md 25, 598-606, doi: 10.1002/
hep.510250318 (1997).

Rudd, P. M. et al. Oligosaccharide sequencing technology. Nature 388, 205-207, doi: 10.1038/40677 (1997).

Guile, G. R., Rudd, P. M., Wing, D. R,, Prime, S. B. & Dwek, R. A. A rapid high-resolution high-performance liquid chromatographic
method for separating glycan mixtures and analyzing oligosaccharide profiles. Anal Biochem 240, 210-226, doi: 10.1006/
abi0.1996.0351 (1996).

Rudd, P. M. et al. Glycoproteins: rapid sequencing technology for N-linked and GPI anchor glycans. Biotechnol Genet Eng Rev 16,
1-21 (1999).

Rudd, P. M., Colominas, C., Royle, L., Murphy, N., Hart, E., Merry, A. H., Hebestreit, H. FE. & Dwek, R. A. A high-performance liquid
chromatography based strategy for rapid, sensitive sequencing of N-linked oligosaccharide modifications to proteins in sodium
dodecyl sulphate polyacrylamide electrophoresis gel bands. Proteomics 1, 285-289 (2001).

Bones, J., Mittermayr, S., O’'Donoghue, N., Guttman, A. & Rudd, P. M. Ultra performance liquid chromatographic profiling of serum
N-glycans for fast and efficient identification of cancer associated alterations in glycosylation. Analytical Chemistry 82, 10208-10215,
doi: 10.1021/ac102860w (2010).

Peracaula, R., Sarrats, A. & Rudd, P. M. Liver proteins as sensor of human malignancies and inflammation. Proteomics. Clinical
applications 4, 426-431, doi: 10.1002/prca.200900170 (2010).

Tharmalingam, T., Adamczyk, B., Doherty, M. A., Royle, L. & Rudd, P. M. Strategies for the profiling, characterisation and
detailed structural analysis of N-linked oligosaccharides. Glycoconjugate journal 30, 137-146, doi: 10.1007/s10719-012-9443-9
(2013).

Mehta, A. S. et al. Increased levels of galactose-deficient anti-Gal immunoglobulin G in the sera of hepatitis C virus-infected
individuals with fibrosis and cirrhosis. Journal of virology 82, 1259-1270, doi: 10.1128/JV1.01600-07 (2008).

SCIENTIFICREPORTS | 6:27965 | DOI: 10.1038/srep27965 12



www.nature.com/scientificreports/

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Norton, P. A. et al. N-linked glycosylation of the liver cancer biomarker GP73. J Cell Biochem 104, 136-149, doi: 10.1002/jcb.21610
(2008).

Mehta, A. et al. Increased Levels of Tetra-antennary N-Linked Glycan but Not Core Fucosylation Are Associated with Hepatocellular
Carcinoma Tissue. Cancer epidemiology, biomarkers & prevention : a publication of the American Association for Cancer Research,
cosponsored by the American Society of Preventive Oncology 21, 925-933, doi: 10.1158/1055-9965.EPI-11-1183 (2012).

Comunale, M. A. et al. Total serum glycan analysis is superior to lectin-FLISA for the early detection of hepatocellular carcinoma.
Proteomics. Clinical applications 7, 690-700, doi: 10.1002/prca.201200125 (2013).

Comunale, M. A. et al. Novel changes in glycosylation of serum Apo-]J in patients with hepatocellular carcinoma. Cancer
epidemiology, biomarkers & prevention : a publication of the American Association for Cancer Research, cosponsored by the American
Society of Preventive Oncology 20, 1222-1229, doi: 10.1158/1055-9965.EPI-10-1047 (2011).

Romano, P. R. et al. Development of recombinant Aleuria aurantia lectins with altered binding specificities to fucosylated glycans.
Biochemical and Biophysical Research Communications 414, 84-89, doi: 10.1016/j.bbrc.2011.09.027 (2011).

Moriwaki, K. et al. A high expression of GDP-fucose transporter in hepatocellular carcinoma is a key factor for increases in
fucosylation. Glycobiology 17, 1311-1320, doi: cwm094 (2007).

Hoshida, Y. et al. Integrative transcriptome analysis reveals common molecular subclasses of human hepatocellular carcinoma.
Cancer Res 69, 7385-7392, doi: 0008-5472.CAN-09-1089 (2009).

Comunale, M. A. et al. Identification and development of fucosylated glycoproteins as biomarkers of primary hepatocellular
carcinoma. J Proteome Res 8, 595-602, doi: 10.1021/pr800752c (2009).

Koda, M. et al. Lectin-reactive patterns of markedly elevated serum alpha-fetoprotein in patients with chronic active hepatitis. Am |
Gastroenterol 86, 861-865 (1991).

Naitoh, A., Aoyagi, Y. & Asakura, H. Highly enhanced fucosylation of serum glycoproteins in patients with hepatocellular
carcinoma. Journal of gastroenterology and hepatology 14, 436-445 (1999).

Rao, A. S., Kremenevskaja, N. & Resch, J. & Brabant, G. Lithium stimulates proliferation in cultured thyrocytes by activating Wnt/
beta-catenin signalling. Eur J Endocrinol 153, 929-938, doi: 10.1530/eje.1.02038 (2005).

Zhang, L. et al. Hypoxia induces epithelial-mesenchymal transition via activation of SNAII by hypoxia-inducible factor —lalpha in
hepatocellular carcinoma. BMC Cancer 13, 108, doi: 10.1186/1471-2407-13-108 (2013).

Sato, Y. et al. Early recognition of hepatocellular carcinoma based on altered profiles of alpha-fetoprotein. The New England journal
of medicine 328, 1802-1806, doi: 10.1056/NEJM199306243282502 (1993).

Chen, C. Y. et al. Fucosyltransferase 8 as a functional regulator of nonsmall cell lung cancer. Proceedings of the National Academy of
Sciences of the United States of America 110, 630-635, doi: 10.1073/pnas.1220425110 (2013).

Takahashi, T. et al. alphal,6fucosyltransferase is highly and specifically expressed in human ovarian serous adenocarcinomas. Int |
Cancer 88, 914-919 (2000).

Muinelo-Romay, L. et al. Expression and enzyme activity of alpha(1,6)fucosyltransferase in human colorectal cancer. Int ] Cancer
123, 641-646, doi: 10.1002/ijc.23521 (2008).

Lu, J. et al. beta-Galactoside alpha2,6-sialyltranferase 1 promotes transforming growth factor-beta-mediated epithelial-
mesenchymal transition. The Journal of biological chemistry 289, 34627-34641, doi: 10.1074/jbc.M114.593392 (2014).

Li, S. et al. Cell surface glycan alterations in epithelial mesenchymal transition process of Huh7 hepatocellular carcinoma cell. PLoS
One 8, €71273, doi: 10.1371/journal.pone.0071273 (2013).

Wang, Y. et al. Loss of alphal,6-fucosyltransferase suppressed liver regeneration: implication of core fucose in the regulation of
growth factor receptor-mediated cellular signaling. Sci Rep 5, 8264, doi: 10.1038/srep08264 (2015).

Wang, X. et al. Dysregulation of TGF-betal receptor activation leads to abnormal lung development and emphysema-like phenotype
in core fucose-deficient mice. Proc Natl Acad Sci USA 102, 15791-15796, doi: 10.1073/pnas.0507375102 (2005).

Furukawa, J. et al. Comprehensive Glycomics of a Multistep Human Brain Tumor Model Reveals Specific Glycosylation Patterns
Related to Malignancy. PLoS One 10, 0128300, doi: 10.1371/journal.pone.0128300 (2015).

Kumada, T. et al. Clinical utility of Lens culinaris agglutinin-reactive alpha-fetoprotein in small hepatocellular carcinoma: special
reference to imaging diagnosis. Journal of hepatology 30, 125-130 (1999).

Hayashi, K. et al. Usefulness of measurement of Lens culinaris agglutinin-reactive fraction of alpha-fetoprotein as a marker of
prognosis and recurrence of small hepatocellular carcinoma. Am ] Gastroenterol 94, 3028-3033 (1999).

Fukuda, H. Tumor vascularity and lens culinaris agglutinin reactive alpha-fetoprotein are predictors of long-term prognosis in
patients with hepatocellular carcinoma after percutaneous ethanol injection therapy. Kurume Med ] 45, 187-193 (1998).
Yamashita, F.,, Tanaka, M., Satomura, S. & Tanikawa, K. Prognostic significance of Lens culinaris agglutinin A-reactive alpha-
fetoprotein in small hepatocellular carcinomas. Gastroenterology 111, 996-1001 (1996).

Liu, Y., Zhou, T, Simsek, E., Block, T. & Mehta, A. The degradation pathway for the HBV envelope proteins involves proteolysis prior
to degradation via the cytosolic proteasome. Virology 369, 69-77, doi: 10.1016/j.virol.2007.06.048 (2007).

Wheeler, S. E, Rudd, P. M., Davis, S. J., Dwek, R. A. & Harvey, D. J. Comparison of the N-linked glycans from soluble and GPI-
anchored CD59 expressed in CHO cells. Glycobiology 12, 261-271 (2002).

Block, T. M. et al. Treatment of chronic hepadnavirus infection in a woodchuck animal model with an inhibitor of protein folding
and trafficking. Nature medicine 4, 610-614 (1998).

Mehta, A. et al. Inhibition of hepatitis B virus DNA replication by imino sugars without the inhibition of the DNA polymerase:
therapeutic implications. Hepatology Baltimore, Md 33, 1488-1495, doi: S0270913901734507 (2001).

Lamontagne, A. et al. Altered functionality of anti-bacterial antibodies in patients with chronic hepatitis C virus infection. PLoS
ONE 8, €64992, doi: 10.1371/journal.pone.0064992 (2013).

Doherty, M., McManus, C. A., Duke, R. & Rudd, P. M. High-throughput quantitative N-glycan analysis of glycoproteins. Methods in
molecular biology 899, 293-313, doi: 10.1007/978-1-61779-921-1_19 (2012).

Kim, T. H. et al. Differential expression and distribution of focal adhesion and cell adhesion molecules in rat hepatocyte
differentiation. Experimental cell research 244, 93-104, doi: 10.1006/excr.1998.4209 (1998).

Kohn, A. D., Summers, S. A., Birnbaum, M. J. & Roth, R. A. Expression of a constitutively active Akt Ser/Thr kinase in 3T3-L1
adipocytes stimulates glucose uptake and glucose transporter 4 translocation. The Journal of biological chemistry 271, 31372-31378
(1996).

Asikainen, T. M. et al. Activation of hypoxia-inducible factors in hyperoxia through prolyl 4-hydroxylase blockade in cells and
explants of primate lung. Proceedings of the National Academy of Sciences of the United States of America 102, 10212-10217,
doi: 10.1073/pnas.0504520102 (2005).

Acknowledgements
This work was supported by grants R01 CA120206 (ASM), U01 CA168856 (ASM), F31 CA171712 (JL) and F31
CA171850 (JCC) from the National Cancer Institute (NCI).

SCIENTIFICREPORTS | 6:27965 | DOI: 10.1038/srep27965 13



www.nature.com/scientificreports/

Author Contributions

A.M., LES. and M.J.B. designed all experiments, analyzed all data and were involved in the writing of the
manuscript. M.A.C. and L.B. performed all glycan analysis and proteomics. S.R., J.C.C. and ].L. isolated primary
rat hepatocytes and performed all treatments. PN., J.L. and A.R. performed RT-PCR experiments, M.A.C. and
AR. performed western blots for markers of EMT. H.H. performed all lectin histo-chemistry and M.W. and A.R.
performed all lectin blots.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Mehta, A. et al. Intrinsic hepatocyte dedifferentiation is accompanied by upregulation
of mesenchymal markers, protein sialylation and core alpha 1,6 linked fucosylation. Sci. Rep. 6, 27965;
doi: 10.1038/srep27965 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

EE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:27965 | DOI: 10.1038/srep27965 14


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Intrinsic hepatocyte dedifferentiation is accompanied by upregulation of mesenchymal markers, protein sialylation and core  ...
	Results

	Alteration in glycosylation of primary rat hepatocytes is associated with de-differentiation and induction of an epithelial ...
	Inhibition of an EMT prevents increases in core fucosylation. 
	Increased fucosylation in poorly differentiated HCC tissue. 
	Activation of the β-catenin signaling pathway leads to increases sialylation and fucosylation of PRH proteins. 
	Activation of the Akt signaling pathway or elevation of HIF1-α also leads to alterations in protein glycosylation. 

	Discussion

	Methods

	Isolation and culture of primary rat hepatocytes. 
	N-linked glycan analysis. 
	Immunoblotting. 
	Reverse transcriptase PCR of primary rat hepatocyte genes. 
	Tissue micro array and lectin histochemistry. 
	Matrigel overlay. 
	Activation of cancer-associated signal transduction pathways in PRH. 
	Statistics. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Primary rat hepatocytes undergo an EMT as a function of time in culture.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ EMT is associated with alteration in glycosylation in PRH.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ EMT is associated with alteration in key enzymes involved in fucosylation.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Inhibition of EMT prevents increased levels of fucosylation.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Increased fucosylation is observed with de-differentiated HCC by lectin staining with the N224Q AAL lectin.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Changes in glycosylation with LiCl-induced activation of β- catenin detected by normal phase HPLC and lectin blotting.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Changes in N-linked glycosylation can be observed with activation of AKT and HIF-1 α.
	﻿Table 1﻿﻿. ﻿  Lectin staining of tissue micro-array with the N224Q AAL lectin.



 
    
       
          application/pdf
          
             
                Intrinsic hepatocyte dedifferentiation is accompanied by upregulation of mesenchymal markers, protein sialylation and core alpha 1,6 linked fucosylation
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27965
            
         
          
             
                Anand Mehta
                Mary Ann Comunale
                Siddhartha Rawat
                Jessica C. Casciano
                Jason Lamontagne
                Harmin Herrera
                Aarti Ramanathan
                Lucy Betesh
                Mengjun Wang
                Pamela Norton
                Laura F. Steel
                Michael J. Bouchard
            
         
          doi:10.1038/srep27965
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep27965
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep27965
            
         
      
       
          
          
          
             
                doi:10.1038/srep27965
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27965
            
         
          
          
      
       
       
          True
      
   




