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Abstract

Alpha fetoprotein (AFP) is the most widely used diagnostic and prognostic serum

biomarker for hepatocellular carcinoma (HCC). Despite its wide clinical use, a systematic

clinicopathologic study comparing AFP expression in HCC in situ with serum AFP con-

centrations has not yet been conducted. To analyze AFP expression in a large cohort of

patients by immunohistochemistry, we employed a comprehensive tissue microarray

with 871 different HCCs of overall 561 patients. AFP immunoreactivity was detected in

only about 20% of HCC core biopsies, whereas 48.9% of the patients displayed

increased serum values (>12 ng/mL). Immunostaining of whole tumor slides revealed

that lack of detectable immunoreactivity in core biopsies in a subgroup of patients with

elevated AFP serum concentrations is due to heterogeneous intratumoral AFP expres-

sion. Serum AFP concentrations and AFP expression in situ were moderately correlated

(Spearman's rank correlation coefficient .53, P = 1.2e � 13). High AFP expression

detected in serum (>227.3 ng/mL) or in situ predicted unfavorable prognosis and was

associated with vascular invasion, higher tumor grade and macrotrabecular-massive

tumor subtype. Multivariate and ROC curve analysis demonstrated that high AFP

concentrations in serum is an independent prognostic parameter and represents the

more robust prognostic predictor in comparison to AFP immunostaining of core biopsies.

The previously published vessels encapsulating tumor clusters (VETC) pattern turned

out as an additional, statistically independent prognostic parameter. AFP-positivity was

associatedwith increased tumor cell apoptosis, but not with increased vascular densities.

Additionally, AFP-positive tumors displayed increased proliferation rates, urea cycle

dysregulation and signs of genomic instability, which may constitute the basis for their

increased aggressiveness.

Abbreviations: AFP, alpha fetoprotein; ASH, alcoholic steatohepatitis; BCLC, Barcelona Clinic Liver Cancer; CAD, carbamoyl-phosphate synthetase 2, aspartate transcarbamoylase and

dihydroorotase; CPS1, carbamoyl-phosphate synthetase 1; GS, glutamine synthetase; HBX, hbv x protein; HCC, hepatocellular carcinoma; HCV, hepatitis c virus; HR, hazard ratio; IRS,

immunoreactive score; ROC, receiver operating characteristic; TMA, tissue microarray; VETC, vessels encapsulating tumor cell clusters.
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What's new?

While multiple biomarkers have shown promise in hepatocellular carcinoma (HCC) diagnosis

and surveillance, alpha fetoprotein (AFP) remains the most clinically important and most widely

used, despite poor sensitivity and specificity. Here, to better understand the clinicopathological

relevance of AFP in HCC, comprehensive immunohistochemical analyses on AFP expression

were performed, revealing moderate correlations between serum AFP concentrations and AFP

expression in situ. AFP immunoreactivity was not detected in many patients with elevated

serum AFP concentrations, due primarily to intratumoral heterogeneity. AFP expression was

correlated with additional clinical and morphological parameters, including vascular invasion,

higher tumor grade and macrotrabecular-massive tumor subtype.

1 | INTRODUCTION

Hepatocellular carcinoma (HCC) is the most commonly diagnosed

malignant neoplasia of the liver and the fourth leading cause of

cancer-related mortality worldwide.1 Despite poor sensitivity and

specificity, alpha fetoprotein (AFP) is still the most widely used serum

marker for the diagnosis and detection of HCC. However, especially

small tumors often present with normal serum concentrations and ele-

vated AFP concentrations may also stem from nonhepatocellular

tumors or benign diseases.2,3 Therefore, its use has not been generally

recommended in current guidelines.2,4 Besides its diagnostic use,

increased AFP serum concentrations also represent a robust prognos-

tic biomarker in HCC that has yet to be matched.5 Therefore, serum

AFP concentrations have also been proposed to be included in a prog-

nostic model to select patients suitable for liver transplantation (LTX)

otherwise excluded by the Milan criteria,2,6 although this has not been

widely translated into clinical practice. However, in the most recent

German guidelines for the treatment of HCC it has been included that

patients with AFP serum concentrations above 1000 ng/mL should

receive neoadjuvant therapy before LTX. Furthermore, a rise in serum

AFP above 1000 ng/mL during a bridging therapy is considered a con-

traindication for LTX.7

AFP is a 70 kDa glycoprotein that is produced by the yolk sac and

the fetal liver during embryonic development representing the fetal ana-

log of human albumin.3 Under normal physiologic conditions, AFP serum

concentrations rapidly decline after birth and remain low during the

entire life span.3 The AFP gene is a member of the albumin gene family

and its expression is thought to be primarily regulated at the transcrip-

tional level.5 Under physiological conditions, AFP expression is under

inhibitory control of the transcription factor p53.8 Mutations of the

TP53 gene, which are found in a considerable number of HCCs,9 or

mutations of the p53 binding element within the AFP repressor may

result in reactivation of AFP expression in HCC cells.3 Additionally, the

HBV x protein (HBx) has been shown to induce AFP by blocking

the suppressing effect of p53 on the AFP promoter. Demethylation

of the AFP gene promoter may also result in reactivation of AFP

transcription.8 In addition to these regulatory processes at the level of

transcription, also posttranslational modifications with impact on AFP

protein concentrations have been reported. Acetylation of certain lysine

residues within the AFP protein, for example, has recently been shown

to increase its stability by reducing ubiquitination.10

The analysis of mice with a germline deletion of the AFP gene

has revealed that AFP is dispensable for embryonic development,

although female homozygous AFP-KO mice are not fertile.11 AFP is

thought to ensure the transport of various molecules, such as certain

heavy metals (copper and nickel), bilirubin, fatty acids and certain

drugs.3 Furthermore, AFP has been demonstrated to inhibit apoptosis

by interacting with caspase-3, preventing its activation by cleav-

age.10,12 Moreover, AFP has been shown to promote cell proliferation,

migration and cancer cell invasion by activating PI3K/AKT/mTOR

signaling.13 Furthermore AFP has also been implied in angiogenesis,

as antiangiogenic therapy was demonstrated to be more effective in

HCC patients with elevated AFP serum concentrations and the finding

that AFP-positive HCCs show increased activation of VEGF signal-

ing.5,14,15 However, whether these effects are direct or indirect

remains to be determined.

Despite its widespread clinical use, a systematic clinicopathologic

study of AFP immunohistochemistry in HCC has not yet been

conducted. Therefore, we created a comprehensive tissue microarray

comprising more than 850 tumors from a clinicopathologically well

characterized cohort of 561 patients including primary and recurrent

tumors, metastases and tumor thrombi as well as normal/nonneoplastic

livers of the same patients, and correlated immunohistochemically

detected AFP expression with comprehensive clinicopathological and

additional immunohistochemical parameters.

2 | MATERIALS AND METHODS

2.1 | Patients and samples

Tissue samples from 561 HCC patients that underwent tumor

resection at the University Medical Center Mainz from 1997 to 2017

were provided by and in accordance with the regulations of the Tissue
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Biobank of the University Medical Center Mainz. Clinical data of HCC

patients, including survival, were retrieved from a prospectively popu-

lated clinical database.16 Patient records and informations were

anonymized and de-identified prior to analysis. The mean duration of

follow-up was 55.2 months.

2.2 | Immunohistochemistry

A tissue microarray (TMA) was created, comprising at least two cores

of primary tumor and surrounding nonneoplastic liver tissue of each

patient, as well as of relapse tumors, lymph node and distant metasta-

ses and larger tumor thrombi if available.17 Antigen retrieval was per-

formed using Tris/EDTA buffer, pH 9 (Dako, Santa Clara, California,

#8024) or citrate buffer, pH = 6.1 (Dako, #GV805) or cell conditioning

solution 1 (Roche, Mannheim, Germany, #950-124). Following antigen

retrieval, tissue microarray slides were incubated with the respective

antibodies (see Table S1). Staining was performed with an automated

staining system (DAKO Autostainer plus, Agilent Technologies, Santa

Clara, California) and the Dako EnVision FLEX staining system (Agilent

Technologies) in accordance with the manufacturers' instructions.

TMA slides were digitalized using the NanoZoomer-Series Digital slide

scanner (Hamamatsu Photonics, Hamamatsu, Japan) prior to image

analysis. Immunoreactivity was either rated semiquantitatively

according to Remmele et al18 or in case of Ki67 and CD34, digital

image analysis was performed using the HALO platform (Indica Labs,

Corrales, New Mexico) including the TMA module and the

CytoNuclear v1.6 module. Missing or erroneous cores, for example,

with extensive necrosis, were excluded from the analysis. In case of

Ki67, positive cell nuclei were counted; in case of CD34, the stained

area was quantified.

2.3 | Serum chemistry

Between 1997 and 2007 AFP serum concentration was determined

by an immunoassay based on Time Resolved Amplification of

Cryptate Emission (CIS-Bio Kryptor, Brahms, Henningsdorf, Germany).

Since 2007 AFP serum concentration was determined by a lumines-

cence immunoassay on Abbott Architect i2000 analyzers (Abbott

Diagnostics, Wiesbaden, Germany). Comparison of the two assays

showed an excellent correlation. However, results obtained by the

Abbott assay were systematically higher. The following regression

equation was obtained from 1330 routine patient samples in the con-

centration range <1000 ng/mL analyzed by both methods in parallel:

AFPAbbott = 11 746 � AFPBrahms � 0.5708 with r = .9981.

2.4 | Statistical analysis

All statistical analyses were performed using the R environment for

statistical computing (version 4.0.3).19 The nonparametric Mann-

Whitney U test was used to compare differences between two

independent groups when dependent variables were either continu-

ous or ordinal. The Wilcoxon signed-rank test was employed to

determine whether two dependent samples were selected from

populations having the same distribution. The Kruskal-Wallis test was

applied to compare two independent groups, which consist of one

dependent scale variable and one explanatory nominal variable with

three or more levels. Benjamini-Hochberg corrections were applied to

counterbalance the effects of multiple testing and control for the false

discovery rate. Categorical variables were compared with the χ2 test

or Fisher's exact test. Spearman's correlation was used to examine

linear correlations between two continuous variables showing a non-

normal distribution. P-values ≤.05 were considered statistically signifi-

cant. AFP protein expression and AFP serum concentrations were

dichotomized by either receiver operating characteristic (ROC) curve

analysis or by utilizing the Charité cut-off finder functions to provide

a significant distinction between the high and low protein expression

levels based on survival outcome.20 Overall survival was calculated as

the interval between initial diagnosis and death regardless of etiology

or the last follow-up and analyzed with the Kaplan-Meyer method;

differences were evaluated by the log-rank test. Univariate and multi-

variate COX regression analysis was conducted using the functions

coxph from the R package survival (version 3.2.7). Variable selection

was performed by employing the stepwise backward model selection

by the Akaike information criterion (AIC) method from the R package

MASS (version 7.3.53)21 to create a significant multivariate Cox

model. ROC curves were used to determine the biomarker potential

of AFP detected on core biopsies and by serum analysis relative to

5 year survival in HCC.

3 | RESULTS

3.1 | AFP expression in HCCs in situ correlates
with AFP serum concentrations despite intratumoral
heterogeneity

To analyze AFP protein expression in a large number of HCCs by

immunohistochemistry, we created a tissue microarray (TMA) with

871 HCCs of 561 patients with comprehensive clinical and pathologi-

cal data.17 By immunohistochemistry, we detected AFP in 19.3% of

the primary HCCs. Using the immunoreactive score18 (IRS) for semi-

quantitative assessment of AFP expression, 5.2% of the primary HCCs

showed strong (IRS = 9-12), 5.4% intermediate (IRS = 5-8) and 8.7%

at least weak AFP expression (IRS = 1-4) (Figure 1A). In 448 of the

561 patients (79.9%), preoperative AFP serum concentrations were

available. In 48.9% of the patients, AFP concentrations were elevated

(>12 ng/mL). AFP serum concentrations correlated moderately with

IRS of AFP detected by immunohistochemistry (Figure 1B). Also in the

independent Cancer Genome Atlas (TCGA) cohort9 analyzed for

comparison, AFP mRNA levels correlated moderately with AFP

serum concentrations (Figure S1A). In our cohort, in patients with

serum-positive HCCs (AFP serum concentration > 12 ng/mL), serum

concentrations moderately correlated with tumor size (Figure 1C).
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However, 57.5% of the patients with increased AFP serum concentra-

tions (>12 ng/mL, partially also clearly elevated values) lacked significant

immunohistochemically detected AFP expression in respective core biop-

sies (Figure S1B). We hypothesized that serum AFP concentrations may

be more sensitive compared to AFP immunohistochemistry, or that AFP

expression within a single HCC may be heterogeneous, and TMA cores

although done twice on the same HCC, may not be representative

for the whole HCC tissue. Therefore, we performed AFP staining

of 16 whole tissue slides of surgical specimens of patients with

elevated serum AFP, without detectable AFP expression in the
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F IGURE 1 AFP expression levels in HCC determined by immunostaining of core biopsies correlate with AFP serum concentrations and tumor
size despite considerable intratumoral heterogeneity. (A) Representative images of immunohistochemical stainings of core biopsies of primary
HCCs with different expression levels of AFP. The percentage of tumors with the respective expression levels is indicated. Scale bar: 50 μm.
(B) Scatter plot of the immunoreactive score for AFP (y axis) and AFP serum concentrations (x axis). (C) Scatter plot of tumor diameter (y axis) and

AFP serum concentrations (x axis), restricted to patients with an AFP serum concentration >20 ng/mL. (D) Representative immunohistochemical
staining of a primary HCCs with strong homogeneous AFP expression. Scale bar: 2.5 mm. (E-H) Immunohistochemical stainings of primary HCCs
with heterogeneously distributed AFP expression. In (G) and (H), only singular cells show AFP expression. Scale bar: 500 μm (E,G,H) or 2.5 mm (F)
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respective core biopsies. Only 1 out of 16 whole tissue slides

showed quite homogenous strong expression (Figure 1D), in two

slides a patchy staining was observed (Figure 1E,F). In six slides

only focal intermingled single cells displayed AFP expression

(Figure 1G,H). In 7 out 16 investigated whole slides no AFP immunore-

activity was detected (not shown), pointing to AFP expression outside

of the investigated tissue. There was no specific immunoreactivity for

AFP in the surrounding tissue. Taken together, intratumoral AFP

expression is rather heterogeneously distributed and is moderately

correlated with serum AFP concentrations.

3.2 | AFP expression as determined by
immunohistochemistry in core biopsies predicts
unfavorable clinical outcome, but is less predictive
than measurement of AFP serum concentrations

As increased AFP concentrations in serum have been demonstrated

to be a powerful prognostic tool,5 we wanted to compare the prog-

nostic effect of AFP immunostaining of core biopsies to AFP detec-

tion in serum. We performed a receiver operating characteristic (ROC)

curve analysis on the immunoreactive AFP scores to identify the ideal

cut-off score, which turned out to be >0. Immunohistochemical AFP

expression in core biopsies of primary HCCs, even if minimal,

predicted shorter overall survival (HR 1.63 [1.26, 2.11], P < .001)

(Figure 2A). In the study cohort, the ideal cut-off for AFP in serum

was >10.17 ng/mL according to ROC curve analysis, which was also

associated with shorter overall survival (HR 1.54 [1.21, 1.97],

P < .001) (Figure 2B). As a second statistical method to dichotomize

the patient cohort, we utilized the Charité cut-off finder function,20

which resulted in a cut-off score of 6.25 for the IRS (HR 2.62 [1.77,

3.87], P < .0001) and 227.3 ng/mL for AFP serum concentration

(HR 2.04 [1.56, 2.66], P < .0001). The respective Kaplan-Meier plots

are shown in Figure 2C,D. We gained similar results in the indepen-

dent TCGA cohort analyzed for comparison (Figure S1F,G).

It has been recommended to test rather higher AFP concentra-

tions (>200 or >400 ng/mL) in investigations regarding clinical out-

come.2 Therefore, we included the cut-off scores determined by the

Charité cut-off finder function (227.3 ng/mL for AFP serum concen-

trations and 6.25 for IRS) in the multivariate analysis. Increased AFP

concentrations in serum turned out as a statistically independent

prognostic factor, whereas increased AFP expression as determined

by immunohistochemistry on core biopsies was not significant in

multivariate analysis (Table 1).

Furthermore, in order to compare prognostic prediction of AFP

serum concentrations to immunostaining of core biopsies, we

analyzed the area under the ROC curve for 5 year survival, which

was considerably larger for detection of AFP concentrations

in serum (Figure 2F) compared to AFP immunohistochemistry of

core biopsies (Figure 2E). In our opinion, this is mainly caused by

sampling error due to heterogeneous expression of AFP, as

mentioned above, and may be improved when whole slides of

surgical specimens are evaluated.

3.3 | Correlation of AFP expression with
clinicopathological parameters

We then correlated immunohistochemically detected AFP expression

in situ and AFP concentrations in serum with clinicopathologic param-

eters, employing the different cut-off values mentioned above

(Table S2 and S3). AFP-positive HCCs significantly more often pres-

ented with vascular invasion detected by imaging and also histology-

proven microvascular and macrovascular invasion, in accordance with

various studies.2,5 As well, HCCs with vascular invasion demonstrated

increased AFP expression (Figure 3A). In 29 patients, intravascular

HCC thrombi were analyzed, but no significant difference in AFP

expression was detected when compared to the respective primary

HCCs (Figure 3B), arguing against a locally increased risk for vascular

invasion in tumor areas with AFP expression and for AFP expression

in more aggressive tumors. Additionally, we did not find significant

differences in AFP expression in recurrent HCCs, HCC lymph node

and distant metastases, when compared to the respective primary

HCCs (Figures 3C and S1C,D). AFP positivity was associated with

higher tumor grade (Figure 3D). Specifically, AFP expression was addi-

tionally positively correlated with the size of cell nuclei (R = .34,

P = 2.94e � 15) and was negatively correlated with roundness of cell

nuclei (R = �.35, P = 3.64e � 17).

Recently, different histological subtypes of HCCs with characteristic

morphologies and distinct prognoses have been proposed.22

Macrotrabecular-massive (MTM) growth pattern, which is a known inde-

pendent prognostic factor for poor clinical outcome,23 was associated

with higher AFP expression (Figure 3E,F). Vice versa, HCCs of MTM sub-

type were significantly overrepresented among HCCs with AFP expres-

sion (Tables S2 and S3). AFP-positive tumors less often showed

glutamine synthetase (GS) overexpression (IRS for GS > 9), which is

regarded as a surrogate marker for ctnnb1 mutations or activated WNT

signaling respectively24 (Table S2), although the difference was less pro-

nounced when dichotomizing according to AFP serum concentrations

(Table S3). These findings are in accordance to previous studies.25,26

We also analyzed the prevalence of the vessels encapsulating tumor

clusters (VETC) pattern (as determined by CD34 immunohistochemistry;

Figure 3G), another known independent prognostic morphological

parameter27 with regard to AFP expression. We detected a trend toward

overrepresentation of the VETC pattern among AFP-positive HCCs

detected by immunohistochemistry (Table S2) and a significantly larger

proportion of VETC-positive tumors among HCCs with elevated AFP

serum concentrations (Table S3).

Interestingly, HCCs occurring in livers with alcoholic

steatohepatitis (ASH) displayed significantly lower AFP expression

levels detected both by immunohistochemistry (Figure 3H) and in

serum (Figure 3I). In line with this finding, AFP-positive HCCs were

underrepresented among HCCs in ASH patients (Tables S2 and S3).

Furthermore, HCCs with clearly elevated AFP serum concentrations

(>227.3 ng/mL, see above) were overrepresented in noncirrhotic

livers (Table S3). Patients suffering from HCV infection significantly

more often presented with slightly increased AFP serum concentra-

tions, but showed clearly increased AFP serum concentrations to a
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similar extent than nonHCV patients (Table S3). However, the mean

value of AFP serum concentrations was significantly lower in HCC

patients with HCV infection (Figure 3J).

We did not observe significant differences in AFP expression with

respect to other etiologies of underlying liver disease such as hemo-

chromatosis, hepatitis B and D, primary biliary cholangitis or other

clinical parameters such as nicotine abuse and gender, and found no

correlation to liver enzymes, albumin, CA19-9 and urea serum con-

centrations (data not shown).

3.4 | Correlation of AFP expression with molecular
parameters

In order to further investigate the underlying mechanism of increased

malignant potential of AFP-positive tumors, we performed additional

immunohistochemical stainings and correlated expression of different

biomarkers with AFP expression. As one possible characteristic of

increased malignancy of AFP-positive HCCs, increased angiogenic

activity has been postulated.5,14 We quantified the CD34-positive

area as a measure for microvessel density and did not observe a

significant difference with respect to AFP positivity in the HCCs

(Figure 4A). Another mechanism potentially explaining the increased

aggressiveness of AFP-positive HCCs that has been discussed in the

literature is AFP-mediated inhibition of activation of caspase-3.10,12

Acetylation of AFP has been demonstrated to result in reduced

caspase-3 cleavage resulting in inhibition of apoptosis. In contrast to

this hypothesis, we found even higher levels of cleaved caspase-3 in

AFP-positive HCCs in our collective indicating increased apoptosis in

AFP-positive tumors (Figure 4B). This also held true, when we per-

formed subgroup analyses matched for histological tumor grade

(Figure S1E), in order to exclude a selection bias, as G3 HCCs were

overrepresented among AFP-positive tumors (Tables S2 and S3).

Therefore, according to our large HCC collective, increased

angiogenesis and decreased apoptosis seem rather unlikely to

constitute the molecular basis for increased malignant behavior of

AFP-positive HCCs.

As AFP has also been shown to promote tumor cell proliferation

in vitro,13 we also analyzed the number of Ki67-positive cells and

detected a significantly increased proliferation rate in AFP-positive

tumors (Figure 4C). Increased proliferation may be due to specific

molecular alterations in AFP-positive tumors. Recently, we and others

TABLE 1 Univariate and multivariate Cox regression analyses of prognostic factors (AIC-based selection)

Univariate Multivariate

HR Conf.low Conf.high P value HR Conf.low Conf.high P value

Clinical features

Age (≥60 vs <60) 1.42 1.13 1.79 <.01

Sex (male vs female) 1.06 0.81 1.38 .66

C2 (true vs false) 0.88 0.69 1.11 .26

NASH (true vs false) 1.03 0.67 1.59 .90

Hemochromatosis (tr. vs f.) 0.70 0.41 1.19 .19

HBV (pos. vs neg.) 0.89 0.68 1.18 .41

HCV (pos. vs neg.) 1.08 0.83 1.40 .59

Child-Pugh (B/C vs A) 0.98 0.75 1.27 .86

ECOG (PST1-4 vs PST0) 1.41 1.12 1.78 <.01

BCLC new (B-D vs A) 1.83 1.34 2.49 <.001 1.80 1.22 2.66 .003

Albumin (high vs low) 0.55 0.42 0.73 <.0001

TNM M (M1 vs M0) 2.67 1.42 5.02 <.01

AFP serum (> vs ≤227.3 ng/mL) 2.04 1.56 2.66 <.001 1.69 1.25 2.27 <.001

Pathologic features

LCI (yes vs no) 0.86 0.69 1.08 .20 0.91 0.76 1.28 .910

Grading (G3 vs G1/G2) 1.51 1.16 1.96 <.01

TNM N (N1 vs N0) 1.69 0.80 3.59 .17

VI (micro vs none) 1.45 1.10 1.90 <.01

VI (macro vs none) 3.19 2.39 4.26 <.0001

Macrotrabecular subtype 1.97 1.35 2.87 <.001 1.46 0.91 2.36 .120

VETC (pos. vs neg.) 1.51 1.14 2.00 <.01 1.50 1.11 2.05 .009

GS (≥9 vs <9) 0.77 0.58 1.03 .08

AFP (IRS >6.25 vs ≤6.25) 2.62 1.77 3.87 <.001
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F IGURE 3 Association of AFP expression with clinico-pathologic parameters. (A) Quantification of AFP immunostaining with respect to
vascular invasion. (B) Quantification of AFP immunostaining in primary HCCs and tumor thrombi of the same patients (n = 29, paired analysis).
(C) AFP expression detected by immunostaining in primary HCCs and the respective relapse tumors of the same patients (n = 39, paired analysis).
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have demonstrated that urea cycle dysregulation is a common

phenomenon in multiple types of cancer, including HCC, that is associ-

ated with poor prognosis.17,28 High expression of the multifunctional

enzyme carbamoyl-phosphate synthetase 2, aspartate transcarbamoylase

and dihydroorotase (CAD) and reduced expression of carbamoyl-

phosphate synthetase 1 (CPS1) as a measure for urea cycle dysregulation

have been demonstrated to predict unfavorable prognosis.17 AFP-

positive tumors as detected by immunohistochemistry showed signifi-

cantly higher CAD expression and significantly reduced CPS1 levels

compared to AFP-negative tumors (Figure 4D,E), indicating an

increased level of urea cycle perturbation in AFP-positive tumors.

Increased proliferation and apoptosis have also been shown to induce

replicative stress resulting in increased DNA damage.29 Therefore, we

also analyzed the levels of histone H2A.X phosphorylated at Ser139

(also known as γ-H2AX), a marker for DNA double strand breaks,

according to AFP expression.29,30 AFP-positive HCCs showed signifi-

cantly increased γ-H2AX staining (Figure 4F), which is in line with previ-

ously published results that AFP-positive tumors show increased

chromosomal instability.31

AFP-positive tumors also displayed significantly increased

expression of the transcription factor ZEB1 and the proteoglycan

glypican 3 (GPC3), that both have been demonstrated to play a role

in cell motility and metastasis32,33 (Figure 4G,H). Furthermore, two

other established prognostic markers associated with poor clinical

outcome such as heat-shock protein 70 (HSP 70) and CK19, a

marker for hepatic progenitor cells,33 were significantly over-

expressed in AFP-positive HCCs (Figure 4I,J). When we analyzed all

additional immunohistochemical parameters mentioned in Figure 4

according to AFP serum concentrations, we gained similar results

(Figure S2).

3.5 | Survival analysis according to AFP serum
concentrations in clinically relevant subgroups

As we found measurement of AFP in serum to be superior to assess-

ment of core biopsies by immunohistochemistry, we performed

Kaplan-Meyer analyses according to AFP serum concentrations to

analyze the effect of AFP positivity in clinically relevant subgroups.

We chose the same cut-off of 227.3 ng/mL that had been determined

by the cut-off finder function20 and that we used in multivariate anal-

ysis for all further analyses, as rather high AFP concentrations (>200

or >400 ng/mL) have been recommended for analyses regarding prog-

nosis assessment.2 The Barcelona Clinic Liver Cancer (BCLC) staging

system is the most widely used algorithm for prognosis assessment

and treatment allocation of HCC patients, at least in Europe and the

United States.2 Therefore, we performed subgroup analyses according

to BCLC stage and AFP serum concentrations (Figure 5A-D). As

expected, in the BCLC stages B and C, we found a significant prognos-

tic effect of high amounts of AFP detected in serum (Figure 5B,C). In

the BCLC stages A and D, only four patients had increased AFP con-

centrations in serum in each subgroup, which precluded a meaningful

statistical analysis (Figure 5A,D).

Recently, the VETC pattern has been identified as an independent

predictor of unfavorable outcome associated with increased vascular

invasion.27 When we analyzed overall survival according to high

(Figure 5E) and low (Figure 5F) AFP serum concentrations, we found

significantly reduced survival in patients with tumors displaying the

VETC pattern, no matter whether they showed high AFP concentra-

tions or not. This is also reflected by the fact that presence of the VETC

pattern proved to be a statistically independent prognostic factor in the

multivariate analysis of our dataset (Table 1). Furthermore, we analyzed

survival according to presence or absence of macrotrabecular-massive

(MTM) subtype, a morphological pattern that has been previously asso-

ciated with poor prognosis,23 and elevated AFP serum concentrations.

The MTM subtype was only predictive in HCCs with low AFP serum

concentrations (Figure 5G,H) and, in line with this finding, did not prove

to be a statistically independent prognostic factor in multivariate analy-

sis (Table S3). The majority of HCCs of MTM subtype showed high

AFP serum concentrations (19/31). Therefore, knowledge of the MTM

subtype in liver biopsies may be useful in patients with low AFP serum

concentrations, whereas the determination of the VETC pattern by

CD34 immunohistochemistry may give additional prognostic informa-

tion regardless of AFP expression status.

4 | DISCUSSION

We here describe a comprehensive clinicopathologic study on AFP

expression in situ and in serum in 871 HCCs in 561 patients enrolled

at the University Medicine Mainz from years 1997 to 2017. In the

investigated patient cohort, AFP serum concentrations moderately

correlated with AFP expression determined by immunohistochemistry

and also with tumor size. We can therefore show that AFP concentra-

tions in fact stem from the tumor itself and not from the surrounding

liver parenchyme reacting to the tumor. High AFP concentrations in

serum or in situ predicted short overall survival. However, AFP detec-

tion in serum proved to be the more robust prognostic parameter and

was a statistically independent prognostic parameter in multivariate

analysis, whereas immunohistochemically detected AFP expression

was not. This is most likely due to the heterogeneous intratumoral

AFP expression and the resulting lack of representativity of liver core

biopsies. Intratumoral heterogeneity is indeed well known to occur in

a considerable proportion of HCCs and may result from genomic het-

erogeneity as well as nongenomic heterogeneity, including differences

in DNA methylation patterns, noncoding RNAs and transcriptional

regulation.34-36 The molecular basis for intratumoral differences in

AFP expression are currently not well understood,5 but recently it has

been demonstrated that methylation of the AFP promoter correlates

well with AFP mRNA and serum concentrations,25,37 which may rep-

resent the key regulatory mechanism. Interestingly, AFP has recently

also been proposed as a target for immunotherapy.38 In this respect,

heterogeneous AFP expression in HCCs may present a major limita-

tion of this strategy.

In our large HCC collective, we also reproduced published data,

showing that AFP expression was significantly associated with
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microvascular and macrovascular invasion, higher tumor grading, as

well as with HCC of MTM subtype, which has previously been

reported as an independent prognostic factor.5,31 Additionally, we

detected an association of AFP expression with the VETC pattern.

Both MTM23,31 and VETC pattern27 have been published as indepen-

dent factors associated with vascular invasion and short overall survival.

Interestingly, according to our data, presence of the MTM subtype

predicted unfavorable prognosis only in AFP-negative HCCs and

thereby did not act as an independent prognostic parameter in multi-

variate analysis. In contrast, the VETC pattern proved to be a statisti-

cally independent parameter and was significantly associated with

short overall survival. Indeed, determination of the VETC pattern in

liver core biopsies may therefore add valuable information on prognosis

and clinical course in patients with both AFP-positive and AFP-negative

HCCs. In immunohistochemical investigation of tumor thrombi, we did

not find a significant difference in AFP expression when compared to

the respective primary HCCs, indicating that AFP-positive cells of a

tumor with heterogeneously distributed AFP-expression not preferen-

tially invade the vasculature. Rather, heterogenous AFP expression may

be a consequence of other factors conferring invasive potential.

Furthermore, we investigated additional parameters that have been

postulated to mediate the increased aggressiveness of AFP-expressing

tumor cells. According to mechanistic studies in cell lines, AFP has been

demonstrated to inhibit apoptosis by reducing caspase-3-cleavage.10

Yet, our in situ data in a large HCC collective actually even point to the

contrary. AFP-positive HCCs presented significantly higher levels of

caspase-3-activation than AFP-negative tumors. Inhibition of apoptosis

by AFP therefore does not seem to mediate the increased aggressive-

ness of AFP-positive HCCs. However, regulation of apoptosis is a com-

plex process with numerous proteins involved and is not solely

regulated at the level of caspase-3, although it represents a major

proapoptotic effector.39 Furthermore, antiapoptotic effects in early

stages of hepatocarcinogenesis cannot be excluded, although dysplastic

nodules and early HCCs rather do not show AFP expression.40,41

Following another possible hypothesis, increased angiogenesis may

mediate the increased malignant potential of AFP-positive HCCs, which

is based on the finding that antiangiogenic therapy was demonstrated to

be more effective in HCC patients with elevated AFP serum concentra-

tions and that AFP-positive HCCs showed increased activation of VEGF

signaling.5,14,15 AFP positivity in our large patient collective was not

accompanied by an increased vascular density as determined by CD34

staining. Although this finding only represents a snapshot, and angiogen-

esis and tumor growth are dynamic processes, it points to the idea that

the detrimental effects of VEGF signaling may not necessarily be solely

mediated by effects on the vasculature, but possibly also by acting on

tumor or immune cells as has been suggested previously.42,43

Differences in tumor cell metabolism in AFP-positive HCCs

resulting in increased tumor cell proliferation may also play an impor-

tant role.37 In our study, we unraveled that AFP-positive tumors

showed increased proliferation and significantly lower CPS1 and signifi-

cantly higher CAD levels, indicating increased urea cycle dysregulation,

a phenomenon that has been associated with unfavorable prognosis

and has recently been demonstrated in a variety of malignant tumors,

including HCC.17,28 Yet how these processes are regulated, especially

with respect to the role of AFP is currently not known. Differential

methylation may play a role here, too.17,37,44 Additionally, we found an

increased expression of γ-H2AX, a marker for DNA double strand

breaks, in AFP-positive tumors, indicating increased chromosomal insta-

bility, possibly due to replicative stress.29 Chromosomal instability has

recently been shown to drive metastasis and may explain the increased

metastatic capacity of AFP-positive tumor cells.45

Furthermore, we confirmed previously published results that

AFP-positive HCCs showed increased expression of the hepatic pro-

genitor cell marker CK19 and of the established prognostic markers

GPC3, HSP70 and ZEB1, that all have been associated with increased

invasive capacity, vascular invasion and metastasis.32,33,46 Especially

CK19,46 but also ZEB147 and GPC348 have been implied in cancer

stemness of HCC cells. AFP expression may identify HCCs with stem

cell behavior as is also the case in mixed hepatocellular and

cholangiocarcinoma, as AFP is a protein physiologically expressed in

the fetus as well as neoplastically in hepatoblastoma and germ cell

tumors of the ovary and testis.

In summary, we here provide a comprehensive immunohisto-

chemical study of AFP expression in a large collective of HCC patients

having analyzed its relation to several clinical, morphological and

immunohistochemical parameters. Furthermore, we have undertaken

mechanistic considerations on AFP-positive tumors based on in vitro

experiments. Given the tremendous differences in prognosis and clini-

cal course of AFP-positive compared to AFP-negative HCCs, and evi-

dence from preclinical studies, that AFP promotes tumor progression

and metastasis,3,49,50 further studies are urgently needed to gain more

insight in the mechanisms underlying the regulation of AFP expression

and to investigate whether AFP only represents a bystander or a true

effector mediating tumor aggressiveness.
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