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Rahmetullah Varol1*�� *L]HP�$\GHPLU��$VOÕKDQ� .DUDGD÷�� (FHQXU� 0HoR�� 6HYGH�
gPHUR÷OX��(QHV�2UXF��<DVHPLQ�%DúEÕQDU��*|NKDQ�%RUD�(VPHU��+�VH\LQ�hYHW
1'HSDUWPHQW�RI�&RPSXWHU�(QJLQHHULQJ��%R÷D]LoL�8QLYHUVLW\��øVWDQEXO��7XUNH\
2'HSDUWPHQW�RI�0HFKDWURQLFV�(QJLQHHULQJ��<ÕOGÕ]�7HFKQLFDO�8QLYHUVLW\��øVWDQEXO��
Turkey
3,QVWLWXWH�RI�2QFRORJ\��'RNX]�(\OXO�8QLYHUVLW\��ø]PLU��7XUNH\
4Chemical Engineering Department, Gebze Technical University, Kocaeli, Turkey
5Department of Electrical and Electronics Engineering, Marmara University, 
øVWDQEXO��7XUNH\

,1752'8&7,21� In this study we aim to demonstrate the use of holographic 
imaging as a method for observing biological processes as a means to gain a better 
understanding through the depth information of the sample. 
0(7+2'� To this end we conducted an experiment where the proliferation of 
ONCO-DG1 cells were observed over a 48-hour period using a Mach-Zehnder 
interferometer. A total of eight samples with initial cell counts between 2000-
10000 were observed and the total cell counts were reported for 6, 12, 24 and 
���KRXU� SHULRGV�� :H� XVHG� D� PRGL¿HG� ZDWHUVKHG� VHJPHQWDWLRQ� WHFKQLTXH� IRU�
segmenting and counting individual cells. 
0$7(5,$/� We compared the cell counts obtained from the holographic 
images with cell counts obtained via capacitive cell cytometry methods from 
similar samples. We observed that the holographic cytometry method achieves 
KLJK� VHQVLWLYLW\�DQG� VSHFL¿FLW\�DJDLQVW�PDQXDOO\�DQQRWDWHG� VDPSOHV��0RUHRYHU��
holographic method gives a depth information which could be used to assess the 
growth pattern of each individual cell in addition to the proliferation of the whole 
sample. 
5(68/7� The results indicate that the holographic imaging method presents 
clear advantages over standard light microscopy techniques for assessing the 
proliferation and growth of 2D cell cultures. Through holographic imaging 
methods we can measure the localized proliferation patterns and single cell 
growth pattern for better understanding the dynamics of the proliferation process.
Keywords: holographic imaging cell proliferation

,1752'8&7,21
Imaging of biological specimens by means of classical optical techniques presents 
challenges due to their highly transparent nature [1]. Interferometric techniques 
extract the phase information from the observed sample to obtain quantitative 
depth measurements [2]. In particular digital holographic microscopy techniques 
have been gaining popularity due to its high accuracy and non-destructive nature. 
Use of DHM for imaging of live cells has been demonstrated through numerous 
application such as analysis of human hepatocytes [3] or observation of mouse 
cortical neurons [2].
In this study, we investigate the use of DHM for observing the cell proliferation 
patterns of in-vitro tumor cells. In particular we culture 8 samples with 1000 
WKURXJK������21&2�'*��FHOOV� LQVLGH����ȝ/�PLFUR�ZHOOV�DQG�KRORJUDSKLFDOO\�
reconstruct the well in 6-hour intervals. Using the acquired depth maps, we report 
the results for our noise reduction, cell segmentation and cell counting algorithms.

0$7(5,$/6�$1'�0(7+2'6
Sample Preparation
:H�XVHG����ȝ/�PLFUR�ZHOOV� IRU�FXOWXULQJ�HDFK�RI� WKH�VDPSOHV��7KH�ZHOOV�ZHUH�
fabricated by replica molding from an SU-8 (MicroChem)/silicon master based 
on a ratio of 10:1 to curing agent. The master mold was produced by ultraviolet 
(UV) lithography. After pouring PDMS on a mold, the mixture was degassed in 
a vacuum chamber for air bubble removal and cured at 80°C for 1 hour in the 
RYHQ��7KH�GHYLFHV�ZHUH�WKHQ�FXW�RXW�E\�D�UD]RU�EODGH��WKH�ÀXLGLF�FRQQHFWLRQ�SRUWV�
were punched, and bonding to a glass slide was done after oxygen plasma of both 
surfaces and conformal contact (Harrick Plasma cleaner/sterilizer, 4 mbar, 120 s).
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F igure 1: Schematic diagram of the setup and (b) its experimental counterpart. 
+RORJUDSKLF�,PDJLQJ�7HFKQLTXH
For almost all cell manipulation tasks, the morphological structure of the 
manipulated cells is a critical parameter. Cell morphology is an important 
determinant of the cell genotype and determines many of its characteristics 
including its surface adhesion behavior its intra cellular signaling pathway 
regulation and its membrane permeability. It is also a stronger indicator of the 
class a cell belongs to, compared to classical light microscopy techniques [4]. We 
investigate the use of morphological information in cell transportation operations. 
Assessment of the cell shape and cell-surface adhesion helps better understand 
how to direct the actions of the manipulator and how to lift and carry the without 
compromising its integrity.
To obtain depth maps from the sample we use a phase shifting in-line Mach-
Zehnder interferometer, as shown in Figure 1, in which the phase shifting is 
achieved by a high-frequency piezo actuator. Mach-Zehnder interferometry 
LV� EDVHG� RQ� WKH� LQWHUIHUHQFH� RI� D� REMHFW� ZDYH� ZKLFK� FRQWDLQV� WKH� ZDYH¿�HOG�
transmitted from the observed sample and a reference wave which contains the 
ZDYH¿�HOG�RI�WKH�RULJLQDO�FRKHUHQW�OLJKW�VRXUFH��7KH�FRKHUHQW�OLJKW�VRXUFH�XVHG�LQ�
this study is a 527 nm He-Ne laser. The interferogram obtained as such is recorded 
by a CCD sensor. Using the complete set of interferograms obtained in equal 
LQWHUYDOV�WKURXJKRXW�D�ZKROH�SHULRG�RI�WKH�ZDYH¿�HOG�LV�XVHG�WR�VROYH�IRU�WKH�SKDVH�
of the observed sample. This information in turn allows us to compute the depth 
information. The intensity distribution of a given interferogram can be written as

                       Lj (x,y)=Ao
2 (x,y)+Ar

2+2Ao (x,y) Ar�FRV>șo��[�\��į@

Where Ao and Ar DUH�WKH�REMHFW�DQG�UHIHUHQFH�ZDYH¿�HOGV�UHVSHFWLYHO\��7KH�SKDVH�
information of the sample can be reconstructed by translating the reference wave 
and solving the set of linear equations that form taking the Fresnel transformation 
RI�WKH�FRPSOH[�ZDYH¿�HOG�WKDW�LV�UHFRUGHG�YLD�DQ�LPDJH�VHQVRU��,Q�WKLV�VWXG\�ZH�
follow this approach using a PZT actuator for shifting the phase of the reference 
wave.
+RORJUDSKLF�'DWD�3URFHVVLQJ
,PDJH�6WLWFKLQJ��6LQFH�WKH�¿�HOG�RI�YLHZ�RI�DQ�LPDJLQJ�V\VWHP��LQFOXGLQJ�RXUV��
is rarely large enough to view the whole sample, we developed a depth based 
stitching algorithm that composes a depth map of the whole sample by combining 
together smaller patches. To this end we coupled the sample holder to a 6-axis 
Hexapod and moved the sample in the XY axis in a stepwise fashion while 
recording the interferogram at each step. The depth maps, reconstructed from 
these interferograms are then stitched together using the method described in [5].
&HOO�6HJPHQWDWLRQ� After acquiring a depth map for the whole sample, we used 
a marker-controlled Watershed transform based segmentation algorithm [6] to 
segment the parts of the map that contain a single cell or a cell group.
&HOO� &RXQWLQJ� For each segmented section, we use a volumetric prediction 
method to get an approximate count of the cells within each region. The cell 
counting algorithm is based on calculating the mean volume of singular cells by 
clustering the lower end of the segmented volume values and dividing the volume 
of each segment with this base value. This gives us an approximation to the cell 
count inside that region.

5(68/76
We prepared four different samples with a known morphology for the assessment 
RI�RXU�QRLVH�UHGXFWLRQ�DOJRULWKP��XVLQJ�PLFUR�VSKHUHV�ZLWK����ȝP�GLDPHWHU��:H�
use the known morphology as ground truth and calculate the SNR values for raw 
and processed maps as follows,

             
where r(x,y)  is the reference depth map and t(x,y)  is the noisy depth map. SNR 
YDOXHV�DUH�FRPSDUHG�IRU��IRXU�GLIIHUHQW�LPDJHV�DUH�FRPSDUHG�IRU�GLIIHUHQW�ı�YDOXHV�
are compared in Table 1. The reconstruction obtained from Sample 1 and Sample 
2 at 0 and 48-hour marks are given in Figure 2.

F igure 2: Holographic reconstructions of some example samples. (a) Sample 1 at 
its initial condition and (b) after 48 hours. (c) Sample 2 at its initial condition and 
(d) after 48 hours.

For the cell segmentation algorithm, we used manually annotated segmentations 
as ground truth and compared them with automatically segmented regions using 
WKH�LQWHUVHFWLRQ�RYHU�XQLRQ��VHQVLWLYLW\�DQG�VSHFL¿�FLW\�PHWULFV�ZKLFK�DUH�JLYHQ�LQ�
Table 2. The method used for calculating these metrics is as 

         
where TP, TN, FP and FN refer to true positive, true negative, false positive and 
false negative respectively.

5HIHUHQFH�� 5HIHUHQFH�� 5HIHUHQFH�� 5HIHUHQFH��

5DZ�615 29.95 28.25 29.21 22.49

)LOWHUHG�
615

37.07 36.82 37.82 35.25

7DEOH����615�YDOXHV�RI�UDZ�DQG�¿�OWHUHG�GHSWK�PDSV�IRU�UHIHUHQFH�VDPSOHV�

Sample 
��#��K

Sample 
��#���K

Sample 
��#��K

Sample 
��#���K

6HQVLWLYLW\ 90.27% 87.45% 90.89% 89.12%

6SHFL¿�FLW\ 91.08% 88.67% 92.03% 91.02%

�7DEOH����6HQVLWLYLW\�DQG�VSHFL¿�FLW\�YDOXHV�IRU�WZR�VDPSOHV�DW���DQG����KRXU�PDUNV�

&21&/86,216
In this study we investigated the use of digital holographic microscopy method 
for cell cytometry. In particular we developed some depth processing algorithms 
which could be used for cell segmentation and cell counting. We also reported the 
performance of these algorithms against manually annotated samples. The results 
LQGLFDWH�WKDW�WKH�'+0�PHWKRG�DFKLHYHV�KLJK�VHQVLWLYLW\�DQG�VSHFL¿�FLW\�IRU�WKH�FHOO�
segmentation task. Also, we show that the volumetric information obtained from 
the depth map of the cell culture can be used to acquire a more accurate cell count 
prediction for regions in which individual cells can’t be segmented It is clear that 
the DHM method will play a critical role in the future for cell culture studies 
where the morphological structure of the sample is important.
$FNQRZOHGJHPHQWV
7KLV�ZRUN� LV� IXQGHG�E\�7KH�6FLHQWL¿�F� DQG�7HFKQRORJLFDO�5HVHDUFK�&RXQFLO� RI�
Turkey (TUBITAK) under the project number 116E743.
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,1752'8&7,21� Tumors should escape from immune system to survive. 
Studies showed that DNA methylation has role in negative regulation of immune 
system (a.k.a immune-escape) which can be controlled with demethylation 
agents. Patients with rare cancers suffered from low number of drugs since for 
PRVW�RI�WKHP�GUXJ�GHYHORSPHQW�LV�QRQ�WULYLDO�DQG�QRQ�SUR¿WDEOH��(QOLJKWPHQW�RI�
methylation based immune-escape mechanisms are important since regulation of 
DNA methylation is possible with approved drugs. Aim of this study is creating 
a bioinformatics pipeline and apply it to ten rare cancer type to reveal common 
DQG�W\SH�VSHFL¿F�LPPXQH�HVFDSH�PHFKDQLVLPV�URRWHG�IURP�DEQRUPDO�PHWK\ODWLRQ�
patterns.
0$7(5,$/	0(7+2'6�  The developed pipeline starts with gathering data 
from TCGA and normalization. After that, differentialy methylated and expressed 
genes inferred. Candidate genes clustered according to their semantic similarity 
IRU�HQULFKPHQW�DQG�QHWZRUN�SHUWXUEDWLRQ�DQDO\VLV��)LQDOO\��VWDWLVWLFDOO\�VLJQL¿FDQW�
SDWKZD\V�DQG�IXQFWLRQV�DQDO\VHG�DQG�¿OWHUHG�PDQXDOO\�EDVHG�RQ�OLWHUDWXUH�
5(68/76�  ,Q�WKLV�VWXG\��W\SH�VSHFL¿F�DQG�FRPPRQ�JHQHV�DQG�SDWKZD\V�UHYHDOHG�
for rare and reported with statistical and literature based evidence which might be 
used for new targets to therapies.
&21&/86,216��We discussed that new bioinformatics pipelines are important 
for rare cancers since known efforts are mostly focused to prevalent cancers. In 
this study we propose a new end-to-end bioinformatics pipeline and validate its 
HI¿FLHQF\�E\�XVLQJ�OLWHUDWXUH�UHVXOWV�
Keywords: Cancer, Methylation, Immune-escape

,1752'8&7,21
Negative regulation of immune-system (immune-escape) is one of the key 
characteristics of the tumors [1]. This trait of the tumors also decrease success 
rate of the immunotherapy which is one of the most promising solutions to treat 
cancer. Hence, in the last decade, immune-escape has been one of the most 
studied phenomena for the cancer treatment. Negative regulation of the immune-
system can be triggered through genetic or epigenetic alterations [2,3]. From 
an evolutionary point of view, epigenetic alterations are more common than 
the genetic alterations in the tumors since there are many mutation control and 
repair mechanisms are available in the cell [4]. Rare cancers are important since 
many people suffer from them. However, research and funding aims rare cancers 
DUH�VLJQL¿FDQWO\�ORZHU�WKDQ�WKH�FRPPRQ�WXPRU�W\SHV�>�@��6LQFH��IXQGLQJ�ERGLHV�
calculates return on investment numbers, it might be understandable but this does 
not change the fact that 4,400,000 people diagnosed with rare cancers only in 
EU [6]. 
If epigenetic roots of the immune-escape could be discovered these epigenetic 
changes might be reversed using known epigenetic regulatory drugs [7].  In this 
study we created a methylation analysis pipeline and investigate the abnormal 
epigenetic patterns which are supported by the differential expression patterns in 
ten rare cancer types. 
7KH��SLSHOLQH�ZH�FUHDWHG�LV�DQ�HQG�WR�HQG�ZRUNÀRZ�VWDUWV�IURP�WKH�GDWD�GRZQORDG�
continues with the data preprocessing, differential methylation and expression 
analysis, calculating gene similarity according to the known immune-escape 

SURWHLQV�DQG�FOXVWHU�WKHP�WR�LQFUHDVH�VSHFL¿FLW\�RI�WKH�HQULFKPHQW�DQG�SDWKZD\�
perturbation analysis. We then investigate on each gene and pathway in the 
literature to discover their relation with possible immune-escape activity.

0$7(5,$/6�$1'�0(7+2'6
We use data from TCGA project and download it from the Genomic Data 
Commons (GDC) Data Portal. Methylation analysis data is produced by the 
³,Q¿QLXP�+XPDQ0HWK\ODWLRQ����%HDG&KLS´� FRYHUV�JHQH� UHJLRQV�ZLWK� VLWHV� LQ�
WKH� WUDQVFULSWLRQ� VWDUW� VLWHV� �766�� �� �¶875��¿UVW� H[RQ�� JHQH� ERG\�� DQG� �¶875��
,Q� WUDQVFULSWRPH�SUR¿OLQJ� WKH� GRZQORDGHG�GDWD�ZDV� SUHSRUFHVVHG�E\� WKH�*'&�
DFFRUGLQJ�WR�³+76HT���)3.0�84´�ZRUNÀRZ�WKDW�FDQ�EH�VXPPDUL]HG�DV�³4XDOLW\�
Filtering”, “Fragment Count”, “Count Normalization” and “Upper Quartile 
Normalization” steps.
After this step the differentially methylated probes discovered. We only aim the 
distal probes (probes at maximum 2kb distance of the TSS) because we would like 
to discover down/up regulation of the proteins through binding of transcription 
factors at TSS which depends DNA methylation patterns. Since the number of 
the normal samples are not equal to the tumor samples in TCGA and there is no 
grouping is done based on tumor subtype, we choose unsupervised method for 
differential methylation analysis. In this method, DNA methylation beta values of 
the tumor and the normal samples ranked and the lowest %20 bound is selected for 
both types on each probe for the hypomethylated probes (highest %20 is selected). 
Afterwards, these values are tested using the one tailed t-test to see if there is a 
VLJQL¿FDQW� GLIIHUHQFH��7KLV�PHWKRG� FRXOG� GLVFRYHU� GLIIHUHQFHV� EHWZHHQ� WXPRUV�
and normal samples even if the tumor can be composed by different subtypes. 
To create a relationship between genes and the differentially methylated probes 
nearest 10 upstream and 10 downstream genes selected for the testing. Inverse 
relation between genes and probes are tested with Mann Whitney U test and the 
multiple test correction is applied using a permutation test. For the permutation 
EDVHG�WHVW�D�QXPEHU�RI�UDQGRP�SUREHV�VHOHFWHG�DQG�WKHLU�S�YDOXHV�FRXQWHG�WR�¿QG�
what percentage of these random probes could generate equal or lower p-value. 
7KLV�DQDO\VLV�VHUYHV�IRU�¿QGLQJ�GLIIHUHQWLDOO\�PHWK\ODWHG�JHQHV�ZKLFK�PHWK\ODWLRQ�
OHYHOV�DUH�VLJQL¿FDQWO\�FRUUHODWHG�ZLWK�WKHLU�JHQH�H[SUHVVLRQ�OHYHOV��7KH�HPSLULFDO�
p-values are calculated in this step and introduced in the results. These genes are 
saved and used in further steps but we also use them to enlighten methylation 
based immune-escape mechanisms through literature search. ELMER [8] package 
is used for these analysis. The next step is clustering these genes based on the 
ELRORJLFDO�UROH�WKDW�ZH�LQYHVWLJDWH�ZKLFK�LV�LPPXQH�HVFDSH�IRU�WKLV�VWXG\��:H�¿UVW�
investigate literature to gather genes involved in immune-escape. We used these 
JHQHV�WR�GH¿QH�D�EDVLV�DQG�WKHQ�PHDVXUHG�VHPDQWLF�VLPLODULW\�UHODWLYH�WR�WKLV�EDVLV��
7KH�VHPDQWLF�VLPLODULW\�LV�GH¿QHG�XVLQJ�*2�WHUP�VLPLODULW\��DOO�³0)´�´%3´�DQG�
“CC” aspects included). Similarity calculation is based on feature vectors. These 
vectors are calculated based on semantic distance to each prototype gene. Use 
of prototype genes creates a non-orthogonal basis for protein vectors. Detailed 
information on this process can be found in GoSim package which is used in this 
step [9]. 
After semantic similarities calculated between all candidate genes we apply 
the hierarchical clustering. With this clustering we aim to create the clusters 
WKDW�LQFOXGHV�JHQHV�VLPLODU�WR�VSHFL¿F�LPPXQH�HVFDSH�IXQFWLRQV��7KH�TXDOLW\�RI�
clusters controlled  using the silhouettes. 
7KH�¿QDO�VWHS�LQ�WKH�FRPSXWDWLRQDO�DQDO\VLV�LV�HQULFKPHQW�DQG�SDWKZD\�DQDO\VLV��
7KHUH�DUH�WKUHH�GLIIHUHQW�DSSURDFK�H[LWV�LQ�WKH�OLWHUDWXUH��7KH�¿UVW�RQH�LV�WKH�RYHU�
UHSUHVHQWDWLRQ� DQDO\VLV� ZKLFK� FDQ� EH� GH¿QHG� DV� D� K\SHU�JHRPHWULF� WHVW� ZKLFK�
reveals enriched pathways or ontological entities. As other methods established 
on statistical tests, a p-value threshold is needed to use for this method which 
PHDQV�D�SDWKZD\�WKDW�LV�VOLJKWO\�RYHU�WKH�WKUHVKROG�ZLOO�DQQRWDWHG�DV�LQVLJQL¿FDQW�
HYHQ� LI� LW� KDV� D� KLJK� ELRORJLFDO� VLJQL¿FDQFH��0RUHRYHU�� WKH� PHWKRG� HYDOXDWHV�
each gene and pathway without their interactions which might be exists in the 
biological context. The second approach is the functional class scoring that 
evaluates functionally related genes to reveal related abnormalities even though 
they each have little changes in their expression values. This method also does 
not consider interactions between genes and pathways. The third approach is 
pathway analysis methods which does not have these shortcomings [10].  We 
FKRRVH� SDWK¿QGH5� ZKLFK� LV� D� SDWKZD\� DQDO\VLV� PHWKRG� >��@�� � 7KH� PHWKRG�
VHDUFKHV�IRU�DFWLYH�VXEQHWZRUNV�ZKLFK�DUH�ZHOO�GH¿QHG�SKHQRW\SH�DVVRFLDWHG�VHWV�
of interacting genes.  The steps of the method can be summarized as; (1) Relating 
the differential genes to subnetworks. (2) Filtering the subnetworks. (3) Doing the 
HQULFKPHQW�RQ�¿OWHUHG�VXEQHWZRUNV��7KLV�SURFHVV�LV�YLVXDOL]HG�LQ�)LJXUH����WDNHQ�
from [11] with permission).
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